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This dissertation focuses on developing new methods using the scanning
electrochemical microscope (SECM) to produce chemical concentration maps of
different chemical species on various surfaces. Reactive oxygen species (ROS) and
transition metal ion maps were generated, indicating the presence or absence of relative
types of chemical species on the surface. Imaging of both species was based on a
modified scanning UME tip and monitoring the change in the tip impedance. 4Nitrobenzenediazonium tetrafluoroborate was used as the main modifier, and resultant
nitrophenyl groups on the modified electrodes were electrochemically converted to
aniline to yield the two types of modified electrodes.
In the presence of ROS, a permanent change in the impedance accompanies
reaction of the surface layer with the ROS, and this change can be used to map the
localized reactive species. The spot scanning method was introduced over continuous
scanning to enhance the sensitivity. This enhanced method generated a more effective
method to map ROS compared to the

/

image in the continuous scanning

method. Images obtained by this sacrificial method show that alternating current SECM

Template Created By: James Nail 2010

(AC-SECM) can be used to map ROS on a surface. The capacitive change gives direct
indication of the concentration of these highly reactive species.
Transition metal ions showed a partially reversible adsorption with anilinemodified electrodes. Localized concentrations of buffered copper and nickel divalent
cations were generated by pumping through a micro-capillary embedded in a substrate.
Copper and nickel ions on these substrates were mapped successfully. A solution of
calcium ions was used as the negative control. Biased nickel, copper, and lead wireembedded substrates were line scanned to validate these results. An aniline-modified
electrode was placed away from the metal wire and the time taken for metal ions to reach
the electrode tip was measured after a voltage pulse. These data were compared with
calculated diffusion times.
Both systems were optimized using the medium pH, scan rates, and tip potentials.
AC-SECM coupled with modified electrodes showed the capability of mapping both
ROS and some transition metal ions semi-quantitatively.
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CHAPTER I
INTRODUCTION TO AC-SECM
Introduction
Principles of SECM
Scanning electrochemical microscopy, SECM, was first introduced around 1989
by Bard and coworkers as a novel electrochemical technique to characterize surface
processes and to map surface topography.1 In SECM, an ultramicroelectrode (UME) is
used to collect the amperometric current that is produced when the tip is moved across
the substrate. The initial mode of data collection in SECM can be understood using the
feedback concept.2 Despite a slow start, the number of publications using SECM has
increased significantly in the past two decades.3 SECM started as a scanning tool with
limited potential, but with time, new accessories have been added to it, and new scanning
modes and techniques have been developed. These innovations have expanded the
capabilities of SECM to a new level. In addition to the feedback mode, several other
major modes have been discovered for the SECM experiments. They are: tip
generation/substrate collection mode (TG/SC), substrate generation/tip collection mode
(SG/TC), penetration mode, and the ion transfer feedback mode.
Feedback mode is a common mode of operation in SECM experiments. In this
mode, the UME is biased using a constant potential to oxidize or reduce the redox
mediator in the solution. The tip current

response in the feedback mode depends on

the distance between the tip and the substrate. The steady state tip current for a disk
1

electrode (

,

) at infinite distance ( 10 radii) from an infinite substrate (Figure 1.1a)

can be defined as:
As shown in equation 1.1,

∗

4

,
,

(1.1)

depends on the diffusion coefficient ( ) and the

concentration of redox mediator

∗

.

and

are the Faraday constant and the tip radius

of the UME used for the analysis, respectively. The number of electrons involved in the
electrode redox reaction is denoted by . When the electrode is brought closer to an
insulating substrate, the hemispherical shaped diffusion layer around the tip will be
blocked by the substrate. Hindrance to redox mediator diffusion will decrease
than

,

). This effect,

(lower

reaching zero when the tip substrate separation approaches

zero, is termed negative feedback mode in SECM (Figure 1.1b).

Figure 1.1

Schematic representation of a UME in a (A) solution, (B) with an
insulating substrate, (C) with a conducting substrate. This figure is
reproduced from Sun, P.; Laforge, F. O.; Mirkin, M. V. Phys. Chem. Chem.
Phys. 2007, 9 (7), 802-823.

Even though
a conducting substrate,

shows negative feedback with an electrically inert insulator, with
increases as the tip gets closer to the substrate. This effect is

termed positive feedback mode in SECM. In positive feedback mode, as the electrode
approaches the substrate (within a few tip radii from the substrate), any oxidized redox
mediator (for a positively biased tip) can be reduced by the substrate, and this will
2

produce an extra flux of reduced redox mediators to the tip. With the additional flux of
redox mediators,

will increase as the tip approaches closer to the substrate (Figure

1.1c).
The relationship between the tip current and the distance to the substrate has been
studied, and this relationship was mathematically described by Kwak and Bard.2 In
addition, in 1992 Mirkin and Bard mathematically expressed the diffusion-limited

vs.

tip-substrate separation curve for a disk electrode embedded in an infinite substrate.4 For
an insulating substrate, the negative feedback mode tip current with normalized distance
curve,

is defined as follows:
,

1 0.292

.

.

0.6553

(1.2)

The normalized distance ( ) is the ratio of the distance between the tip and the substrate
( ) and the radius of the conducting disk of the tip electrode ( ). For a conductive
substrate, the positive feedback mode tip current vs. normalized distance curve,

, is

defined as follows:
,

0.68

.

.

0.331

(1.3)

Figure 1.2 shows the normalized tip current versus normalized distance curves for both
the insulating and conductive substrates.
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Figure 1.2

Theoretical approaches curves for (A) conductive substrate and (B)
insulating substrate. This figure is reproduced from Mirkin, M. V.;
Horrocks, B. R. Anal. Chim. Acta 2000, 406 (2), 119-146.

AC-SECM
Conventional SECM is based on an amperometric signal generated at the tip as a
result of a constant direct current potential (DC-SECM operating mode) applied to the
scanning electrode tip. Using an alternating current (AC-SECM) instead of direct current
has become more popular in the past decade,5 and it is considered as the second operating
method in SECM. AC-SECM is used to position the tip (z axis) accurately.6,7 In addition
to tip positioning, AC-SECM has been used to image local electrochemical properties.8 In
AC-SECM, the tip response is non-amperometric and it is dominated by the admittance
between the tip and the substrate. Since this AC-SECM response is non-amperometric, no
4

redox mediator is necessary to perform the analysis. Coupling of AC-SECM with DCSECM by supplying simultaneously DC and AC potentials to the tip permits collecting
data in both modes.9 This dual operating mode was first introduced by our group in 2001
(Alpuche-Aviles and Wipf), and was successfully used to image a Pt wire embedded
surface under the constant distance mode.9 In this work, in addition to the amperometric
data channel coming from the DC-SECM part, an AC-SECM channel was used to
maintain a constant distance between the tip and the substrate. Since both amperometric
and non-amperometric (solution admittance) responses are detected simultaneously, the
tip response had to be separated into the AC component and to the DC component using a
lock-in amplifier or a tuned amplifier.9 However, AC-SECM can be used not only as a
distance controlling device, but also as an imaging instrument. More recent work shows
the ability of the AC-SECM to map the topographic and chemical nature on a surface.10
In AC-SECM, conducting regions generate higher AC current than the non-conducting
regions. This idea has been used to map a metal array on a surface using AC-SECM.8
Since the AC-SECM is used to measure the admittance between the tip and the substrate,
it can be used successfully to map localized ion concentrations.5, 10, 11
AC-SECM has some unique advantages over DC-SECM, such as that no redox
mediator is required and a non-destructive approach towards the ions in the medium to
produce the response. Ionic strength in the medium and the admittance between the tip
and the substrate are key factors for the AC-SECM response. These factors can be
considered as the major disadvantages in direct AC-SECM imaging. However, this
disadvantage can be used in a positive way to map localized redox inactive molecules
using AC-SECM.

5

This dissertation focuses on developing a novel method to map chemical species
using AC-SECM with the aid of different types of modified UMEs. The electrode
modifier was selected targeting the intended analytes which were ROS and transition
metal ions. Interactions between the analyte and the modified layer alter the electrode
double-layer impedance. In this approach, the impedance change at the modified
electrode tip is recorded, keeping the other parameters constant.
Capacitive sensors
Capacitance ( ) can be defined using the following equation (1.4):
(1.4)
Where, ɛ and ɛ are the dielectric constant of the medium and the dielectric
constant of the vacuum (8.85419 pF/m), respectively.
conducting plates and

is the area of overlap between the

is the distance between two charged layers in the capacitor.

When an electrode is immersed in an electrolyte solution, ions/molecular dipoles in the
solution gather around the electrode to neutralize the charge on the electrode surface.
These two charged layers (charge on the electrode,
solution,

, and counter charge layer in

) are called the electrode double layer. Many theories have been developed to

explain the electrode double layer, but the Grahame model (Grahame, 1947), is the first
successful theoretical model that explains most of the double-layer properties. In this
model, ions are not point charges and under nonspecific adsorption, ions have a solvation
shell around them. Due to the solvation shell, bare ions cannot reach the electrode surface
unless they are specifically adsorbed. As shown in Figure 1.3, an electrode equilibrated
with an aqueous ion solution is enclosed by a monolayer of water molecules. This layer
of water molecules on the electrode surface is known as the inner Helmholtz plane (IHP).
The charged ion layer next to the IHP is known as the outer Helmholtz plane (OHP).
6

Beyond the OHP layer is the diffuse layer which contains both cations and anions.
) and the diffuse layer (

Capacitance generated from both the OHP (

) are dependent

on the electrode potential and the electrolyte concentration. Capacitance at the electrode
double layer

Figure 1.3

is the serial product of
and
1 1
1

as shown in equation 1.5.

Aqueous ionic solution in contact with a negatively charged electrode.
7

(1.5)

Electrodes modified with affinity-based molecules can be used as sensors.12 This
modified layer on the electrode tip acts as a barrier to the electrode double layer, and this
blocking ability changes the electrode double-layer capacitance. This wall of molecules
(modified layer) pushes the solvent and solvated ions farther away from the electrode
surface. Additionally, replacing water as the filling medium in the double layer capacitor
with a lower dielectric medium such as organic molecules will decrease the double-layer
capacitance (Figure 1.4). For a modified electrode,
the modified electrode surface and the OHP.

is the total capacitance between

, the capacitance generated beyond the

OHP to the bulk solution, represents the diffuse layer capacitance in the modified
electrode. The modified electrode tip capacitance (

can be defined (equation 1.6) as

follows:
(1.6)
Removal of the modified layer or interactions with the analyte will change the
this will affect the total capacitance (

and

) (Figure 1.5).13 In addition to the capacitance

on the electrode surface, solution resistance (

) and the redox reaction kinetics play

major roles in the final electrochemical properties of the electrode. A Randles equivalent
circuit can be used to explain the impedance response of the electrode (Figure 1.6).
Depending on the availability of a redox reaction, a redox charge-transfer resistance
can be added to the equivalent circuit. The Warburg impedance/resistance (

is a

second electrode surface-based resistance parameter that represents the resistance for any
charged ion diffusion across the OHP (i.e. electrochemical reactions controlled by
diffusional mass transport). Figure 1.6 shows the Randles equivalent circuit for a
modified electrode without a redox mediator and this eliminates

8

and

due to the

absence of a redox reaction. The Randles equivalent circuit for a modified electrode with
a redox mediator is shown in Figure 1.7.

Figure 1.4

Schematic representation of the modified electrode surface, where IHP and
OHP are pushed farther from the electrode surface.

Figure 1.5

Schematic representation of the modified layer, where the modified layer is
conjugated with the analyte. Compared to the unconjugated modified
surface, conjugated surfaces have fewer ions in the OHP layer.
9

Figure 1.6

Randles equivalent circuit for a modified electrode with no redox mediator
present.

Figure 1.7

Randles equivalent circuit for a modified electrode with a redox mediator
present.

Chemical or physical changes to the electrode modified layer can alter the
electrode double-layer impedance. A sinusoidal signal with a small amplitude can be
used to monitor the impedance | | . The impedance of a resister (equation 1.7) and a
capacitor (equation 1.8) can be defined as follows:
(1.7)
(1.8)
For a resistor, the imaginary part of the impedance is zero (phase angle between
input and output AC current are the same), but for a capacitor, the real part of the
impedance is non-zero (the phase angle between the input and output AC current

zero).

The impedance of an electrode can be expressed as a product of imaginary and real parts
of the impedance. Mathematical expressions for the imaginary and real impedance of an
electrode are given in equations 1.9 and 1.10, respectively. The phase angle (ϕ) can be
10

defined (equation 1.11) using the real and imaginary impedance parts and this
relationship is shown in Figure 1.8.
(1.9)
(1.10)
ϕ

Figure 1.8

(1.11)

Phasor diagram for a modified electrode. This figure is reproduced from
Bonanos, N.; Steele, B. C. H.; Butler, E. P., Applications of Impedance
Spectroscopy. In Impedance Spectroscopy, Barsoukov, E.; Macdonald, J.
R., Eds.; John Wiley & Sons, Inc.: 2005; pp 205-537.

Based on these two components, the impedance magnitude (| |) can be defined as
follows (equation 1.12).
| |

(1.12)
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Substituting

and

to equation 1.12 gives the impedance (Z) equation for

a modified electrode (equation 1.13)14 where
| |

is frequency.

1 ⁄2

(1.13)

At low frequencies, the impedance of the double layer capacitance is a
significantly larger value (see equation 1.8). The impedance for a system in which
electroactive species are present is dependent on

,

, and

(serial product of all

three impedances shown in Figure 1.9). At this condition, the major current path is shown
in Figure 1.9. On the other hand, at high frequencies, the double-layer impedance is
lower, and the total impedance of the system is mainly dependent on

. Figure 1.10

shows the major current path at high frequency. At any intermediate situation, the system
impedance depends on both the solution impedance (
impedance parameters (

Figure 1.9

,

, and

) and the modified layer

).

Possible path of the current at low frequency for a modified electrode.
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Figure 1.10

Possible path of the current at high frequency for a modified electrode.

In AC-SECM, Figure 1.11 shows the equivalent circuit for a modified electrode
with an unbiased substrate. When the tip is brought closer to the substrate, the thickness
of the solution layer between the auxiliary and the working electrodes will decrease. This
change will increase the impedance (reduce the admittance) of the solution and gives rise
to a “negative feedback like” curve as seen in DC-SECM.15 A schematic representation
of this phenomenon is shown in Figure 1.10b, where

and

indicate the auxiliary

electrode and tip electrode current, respectively.

Figure 1.11

Schematic representation of the modified UME placed at an insulating
substrate. (a) The equivalent Randles circuit and (b) the possible path of the
current between the auxiliary and working electrodes. This figure is
reproduced from Baranski, A. S.; Diakowski, P. M. J. Solid State
Electrochem. 2004, 8 (10), 683-692.
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With an unbiased conducting substrate, the equivalent circuit is given in Figure
1.12a. In Figure 1.12b,

is the resistance of the substrate and

between the tip and the substrate.

and

is the resistance

are the impedance and the capacitance of
and ’ are the impedance

the substrate that is uncovered by the tip, respectively. ’

and the capacitance of the substrate that is covered by the tip. Based on this model, the
AC current change in AC-SECM can be predicted. As the tip is brought closer to the
conducting substrate, the approach curve shows a “positive feedback like” behavior at
high frequencies and high electrolyte concentrations (

is the predominant part in the

total impedance, and it will decrease as the tip comes closer to the substrate).15 However,
at high electrolyte concentrations and low frequencies, the approach curve shows the
“negative feedback like” behavior as a result of the dominance of the impedance of
and ’ over the

in the total impedance equation (the major path for the current is

through the solution rather than the conducting substrate).15

Figure 1.12

Schematic representation of the modified UME placed at a conducting
substrate. (a) The equivalent Randles circuit and (b) the possible path of the
current between the auxiliary and working electrodes. This figure is
reproduced from Baranski, A. S.; Diakowski, P. M. J. Solid State
Electrochem. 2004, 8 (10), 683-692.
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The schematic representation of the current flow for a conducting substrate that is
connected to a potentiostat is shown in Figure 1.13a and the Randles equivalent circuit
for this setup is given in Figure 1.13b. In Figure 1.13b all symbols have the same
meaning as before. Unlike the unconnected substrate, the connected conducting substrate
can drain some current coming out from the auxiliary electrode. This effect reduces the
tip current drastically when it passes through the conducting substrate. In both cases (with
connected and unconnected conducting substrates), both

and

decrease when the

tip approaches the substrate. For systems where the substrate is connected to the amplifier
and the impedances of

and ’ are small compared to

(at low ionic strengths

and higher frequencies), admittance does not change much as the tip approaches the
substrate. On the other hand, admittance drops as the tip approaches the substrate when
the impedances of

Figure 1.13

and ’ are larger than

.

Schematic representation of the modified UME placed with a conducting
substrate connected to the amplifier. (a) The equivalent Randles circuit and
(b) the possible path of the current between the auxiliary and working
electrodes. This figure is reproduced from Baranski, A. S.; Diakowski, P.
M. J. Solid State Electrochem. 2004, 8 (10), 683-692.
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AC-SECM instrumentation
The positioning unit, potentiostat, and electrodes are the three basic parts in a
conventional DC-SECM setup. A personal computer is connected to the SECM setup as
the controlling and recording interface. The SECM positioning unit is capable of moving
the working electrode in micrometer distances. Accuracy of these small-scale movements
is achieved by using an inchworm motor-based piezoelectric system. Tip and substrate
potentials are controlled using a bipotentiostat that is connected to a personal computer to
record the tip response.

Figure 1.14

Basic AC-SECM set up (figure by Dr. David O. Wipf).
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A conventional DC-SECM setup can be upgraded to an AC/DC-SECM (dual
mode SECM) setup by introducing a function generator and a tuned amplifier to the
system. The schematic diagram of an AC/DC-SECM is shown in Figure 1.14. The
function generator is used to produce AC signals over a wide range of frequencies and is
connected to the bipotentiostat to generate an AC bias current. The resultant tip signal is
passed through a tuned filter, which amplifies and filters the AC signal. The tuned filter
produces a voltage output which is proportional to the

value of the filtered AC

signal. This voltage output is recorded by the computer.
AC-SECM semi-quantitative imaging
The work behind this thesis is focused on developing AC-SECM based methods
to map local chemical concentrations on a surface. Since AC-SECM tip response is based
on the solution admittance, adding selectivity is an important parameter for the
quantitative analysis. Modified SECM tips (UMEs) have less double-layer capacitance
than unmodified UMEs. Changes to the modified layer alter the initial double-layer
capacitance at the modified UMEs. Radicals are reactive species that may strip off the
modified layer on the tip, which will result in an impedance change; the magnitude of this
change varies with the radical concentration and the exposure time. This basic concept
can be used for AC-SECM mapping of hydroxyl radicals and other ROS. Similarly, metal
ion adsorption to the modified layer changes the charge density and results in an
impedance fluctuation that can be used to map the localized metal ion concentrations on a
surface.
Designing a method to develop modified UMEs was the first step of this new ACSECM imaging technique. Different organic modifiers were used, and the stability of
17

those modified UMEs was tested to select suitable modifiers. Both 4-nitrobenzene and
aniline were chosen as modifiers. UMEs modified with these two modifiers were used to
map ROS and different metal ions.
Fenton’s reaction was used to produce localized ROS and the conventional
continuous scanning mode was replaced with a more effective step-wise scanning mode.
A substrate embedded with an iron alloy wire mesh, which is immersed in a peroxide
solution, was used as the second source of ROS. Transition and non-transition metal ions
were mapped on the surface, and aniline-modified UMEs showed the capability of
imaging transition metal ions such as Cu(II) and Ni(II).
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CHAPTER II
ELECTRODE MODIFICATION AND STABILITY
Introduction
Electrodes show unique chemical and functional characteristics based on the
electrode material and the physical nature of its surface, but those unique features can be
altered by modifying the electrode surface. Therefore, modified electrodes show both
functional and chemical variation from their unmodified counterparts. These variations
depend on the level of modification and the characteristics of the modifier. Physical and
chemical properties of the electrode surface can make an impact on both the redox
reaction mechanism and the kinetics. This makes it possible to use modified electrodes
differently than unmodified (bare) electrodes in electrochemical detection.
Modification of carbon-based electrodes with modifiers containing sp2-hybridized
carbon atoms using different electrochemical16 and non-electrochemical methods is well
known for the past few decades.17 Diazonium salt reduction reactions are well established
electrochemical technique to attach aromatic compounds via their sp2 carbon atoms to the
sp2 carbons on a carbon electrode.16, 18 This approach can be used to produce covalently
modified carbon fiber UMEs. Attached modifier molecules on the electrode surface can
block the electrolyte in the medium from reaching the electrode surface. This has been
observed for glassy carbon electrodes modified with 4-nitrobenzene.18 The blocking
ability of the modified glassy carbon electrode has been tested in both aqueous solutions
of Ru(NH3)63+ and Fe(CN)63+.19 On the other hand, electrode modification alters the
19

electron transfer kinetics,20 double-layer capacitance,19, 21 and the impedance in
comparison to unmodified electrodes.19
The first half of this chapter is focused on the electrode modification techniques
used in this study. The second half of this chapter is focused on testing the blocking
ability and the operational stability of a variety of electrodes that are modified with
different diazonium salts.
Experimental
Reagents
All diazonium salts were purchased from Sigma-Aldrich, USA. Buffer solutions
were made using redistilled H2SO4 (GFS chemicals). All other chemicals were used as
they were received. All solutions were made using distilled-deionized water ( 18
MΩ cm , Nanopure, Barnstead). Diazonium salts solutions were stored below 4

.

Electrodes
SECM tips were made using the process explained below. The micro-disk shaped
7 µm diam carbon fiber microelectrodes were prepared using borosilicate glass capillaries
(1.5 mm o.d., 0.86 mm i.d., Sutter Instruments Co., Novato, CA). Carbon fibers (7 µm,
Textron) were boiled in acetone to remove any protective coating prior to the electrode
preparation. Borosilicate glass capillaries were cut to 8 cm length. One end of each
capillary was sealed using a Bunsen burner after inserting the 7 µm carbon fiber. The
sealed end of the capillary was inserted (~ 1 cm) into a furnace which was made of a
nichrome coil connected to a variable AC transformer and the open end was connected to
a vacuum pump. Then, three different AC current steps, one followed by the next (3.5 A
for 60 s, 4.5 A for 30 s and 7 A for 10 s), were applied to the nichrome coil to melt the
20

capillary electrode. The melted capillary further insulated the carbon fiber and created a
solid glass cover around it. Electrical wires (30 ga) were used to make the electrical
connection between the carbon fiber and the electrochemical instrument. Silver epoxy
(EPO-TEK H2OE, Epoxy Technology, Billerica, MA) was used as the adhesive to
connect the electrical wire and the carbon fiber in the capillary. Five minute epoxy
(Henkel Corporation, Avon, OH) was used to fill the open side of the capillary. Finished
electrodes were baked for an hour at 80

. The bulb-shaped front end of the electrode

was scribed and cut to expose the carbon fiber. These electrodes were polished using
silicon carbide sandpaper (400, 2400P, and 4000P grit), then fine polishing was done
using 5, 3, and 0.05 µm diam alumina slurries on a cloth.
Ag/AgCl (3 M KCl) reference electrodes were made using an Ag wire (0.5 mm,
99.9985 % Premion grade, Alfa Aesar). The Ag wire was cut into 8 cm pieces and these
wire pieces were roughened using 1200 grit SiC sandpaper. These Ag wires were then
washed with 50% (v/v) nitric acid. Washed Ag wires were immersed in 1 M KCl and
oxidized to produce an AgCl(s) coating on the wires. A glass tube was used as the body
of the reference electrode, and one end was plugged with a porous ceramic disk. Then the
glass tube was filled with 3 M KCl and Ag wire prepared previously was inserted.
Finally, the open end was sealed using electrical heat-shrinking tubing. These reference
electrodes were immersed in 3 M KCl for few days and potentials were recorded against
a standard saturated calomel electrode to standardize the potentials of Ag/AgCl (3 M
KCl) electrodes.
A Pt wire was used as the auxiliary electrode (0.5 mm, annealed, Alfa Aesar).
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Experimental apparatus
All cyclic voltammetric experiments were performed using a BAS 100B/W
electrochemical workstation (BAS, West Lafayette, IN).
Results and Discussion
Electrode modification
Polished 7 µm diam carbon fiber microelectrodes were covalently modified using
4-nitrobenzenediazonium tetrafluoroborate (4-NBD) as described by Allongue et al.18 In
addition to 4-NBD, three other diazonium salts were used to modify the carbon fiber
electrodes using the same experimental method. Use of 4-NBD as the modifier leads to
the formation of a layer of 4-nitrobenzene on the carbon fiber electrode via 4nitrobenzene radicals18 (reaction 2.1, x = NO2).

(2.1)
Modifier concentration plays a key role in this modification reaction step.
Modifier concentrations higher than 1.8 mM produced an unsuccessful coating on the
electrode. Presumably nitrobenzene radicals formed in this modification step can undergo
intermolecular polymerization rather than reacting with the carbon fiber when the radical
concentration is high. This intermolecular radical polymerization side reaction can be
minimized by using low concentrations ( 1.8 mM) of the modifier in the modification
step.
A typical cyclic voltammogram of the carbon fiber electrode in a solution of 1.8
mM 4-NBD and 0.1 M NBu4BF4 in acetonitrile at a scan rate of 200 mV/s is shown in
Figure 2.1. The first scan shows a clear difference from the rest. A reduction of the
22

current was observed as the number of scans increases. This decrease in cyclic
voltammetry (CV) current is mainly due to completion of the modification reaction. A
typical cyclic voltammogram for an unmodified 7 µm carbon fiber microelectrode in 2
mM Ru(NH3)63+ + 0.5 M KCl at a scan rate of 100 mV/s is shown in Figure 2.2. CV is
used to judge the physical parameters and the surface quality of the electrode using
voltammogram shape, limiting current, and

⁄

. CV was used to qualitatively evaluate

the surface coverage or the blocking capability of the modified electrode with respect to
the bare electrode.19 Attached modifier molecules on the electrode surface can affect the
magnitude of the reduction and oxidation limiting currents, and this change can be used
to test the blocking ability of the modified layer. As previously reported,22 the electron
transfer reaction rates of Ru(NH3)63+ are less sensitive to the condition of the electrode
surface compared to Fe(CN)63+. Ru(NH3)63+ was used to test the blocking ability of all
modified electrodes to minimize the effects from the initial (unmodified) surface status of
the electrode. Covalently modified UMEs show a significant change in the electrode
limiting current. This significant drop in the limiting current can be seen in Figure 2.2,
where voltammograms for both the modified and unmodified UMEs in Ru(NH3)63+ are
shown. This result suggests that the nitrobenzene layer acts as a blocking layer for the
Ru(NH3)63+ redox reaction.
4-Bromobenzenediazonium tetrafluoroborate (4-BBD), fast garnet GBC sulfate
salt (2-methyl-4-([2-methylphenyl]azo)benzene diazonium sulfate, 2-MMBD), and 4chloro-2-methylbenzenediazonium chloride (4-CMBD) were used as the other modifiers
(see Figure 2.3). These diazonium salts were covalently attached to the carbon fiber
electrode using the same method that was used for 4-NBD.18
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Figure 2.1

Successive cyclic voltammograms of a 7 µm diam carbon fiber electrode in
a 1.8 mM solution of 4-NBD and 0.1 M NBu4BF4 in CH3CN. Scan rate:
200 mV/s, 1st scan (1), 10th repetitive scan (10), scan direction is shown
with arrows.
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Figure 2.2

Cyclic voltammograms of a bare 7 µm diam carbon fiber electrode (A) and
a 4-NBD-modified 7 µm diam carbon fiber electrode (B) in 2 mM
Ru(NH3)63+ + 0.5 M KCl. Scan rate: 100 mV/s.
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Stability and the blocking capability of the modified layer
Operational stability, the stability of the modified electrode under use, is a major
factor for semi-quantitative or qualitative analysis. All four types of modified electrodes
were tested for stability with respect to time in aqueous systems.

Figure 2.3

Aryl diazonium salts used to modify carbon fiber UMEs: (a) 4bromobenzenediazonium tetrafluoroborate (4-BBD), (b) 4-chloro-2methylbenzenediazonium chloride (4-CMBD), (c) 2-methyl-4-([2methylphenyl]azo)benzene diazonium sulfate (2-MMBD), (d) 4nitrobenzenediazonium tetrafluoroborate (4-NBD).

CVs for the modified electrodes were collected in a solution of 2 mM Ru(NH3)63+
and 0.1 M KCl every 10 min for one hour. Figures 2.4 to 2.7 show cyclic voltammograms
for all four types of modified electrodes: 4-NBD, 4-BBD, 4-CMBD, and 2-MMBD.
Based on these results, a higher stability is observed for both 4-NBD and 2-MMBD
modified electrodes, whereas the electrodes modified with 4-BBD and 4-CMBD showed
a significant change in the blocking ability with time. This can be seen in both Figures
2.5 and 2.6 as a change in the CV response with time. The modified layer on the
electrode surface works as a physical barrier for any interaction between the redox
mediator and the electrode surface. This physical barrier between the modified layer and
the redox mediator (Ru(NH3)63+) decreases the heterogeneous electron transfer rate
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constant of the redox reaction.22 The change in the electron transfer rate shifts oxidation
and reduction peak potentials of the redox mediator, and the magnitude of this shift
depends on the level of the electrode surface coverage.23

Figure 2.4

Cyclic voltammograms of a bare carbon fiber electrode (A) and six scans at
every 10 min for a 4-NBD-modified 7 µm diam carbon fiber electrode (B)
in 2 mM Ru(NH3)63+ + 0.5 M KCl. Scan rate: 100 mV/s.
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Figure 2.5

Cyclic voltammograms of (A) a bare carbon fiber electrode and (B) six
scans at every 10 min for 4-BBD-modified 7 µm diam carbon fiber
electrode (B) in 2 mM Ru(NH3)63+ + 0.5 M KCl. Scan rate: 100 mV/s.
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Figure 2.6

Cyclic voltammograms of (A) a bare carbon fiber electrode and (B) six
scans at every 10 min for 4-CMBD-modified 7 µm diam carbon fiber
electrode in 2 mM Ru(NH3)63+ + 0.5 M KCl. Scan rate: 100 mV/s.
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Figure 2.7

Cyclic voltammograms of (A) a bare carbon fiber electrode and (B) six
scans at every 10 min for 2-MMBD-modified 7 µm diam carbon fiber
electrode in 2 mM Ru(NH3)63+ + 0.5 M KCl. Scan rate: 100 mV/s.

Reduction of nitrobenzene to aniline
Ionizable, pH-sensitive terminal groups on the modified layer can be used as an
“on-off” switch for counter-charged chelating ions. Unlike nitro groups attached to an
aromatic ring, basic aromatic amine groups can be easily protonated to a positively
charged conjugate acid. Positively charged modified layers can repel incoming positively
charged ions, and the protonated amine groups lose their ability to function as ligands to
some extent.
Reduction of nitrobenzene molecules attached to the electrode was performed
using a solution of 90:10 H2O-EtOH + 0.1 M KCl as described by Allongue et al.18 The
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resultant CV is shown in Figure 2.7. Two reductive peaks were observed around ˗0.4V
(a) and ˗0.9 V (b) and in the returning scan, an oxidative peak around ˗0.45V (aʹ) was
observed. These results suggest that the six-electron electrochemical reduction of
nitrobenzene is a multi-step reaction as was reported previously.24 The reduction
mechanism can vary depending on the pH of the medium25 and the working electrode
material.24, 25 The most probable reaction mechanisms in neutral media are given in
equations 2.2 and 2.3.

(2.2)

(2.3)
In the first forward scan, only peak (b) was observed and in the second forward scan,
peak (a) was observed, but peak (b) disappeared after the first scan. Peak (aʹ) is the only
peak that can be seen in the reverse scans and this peak appears on the first reverse scan.
Both (a) and (aʹ) peaks disappeared after a few consecutive scans, but peak (b) was
observed only in the first forward scan, suggesting that the peak (b) represents an
irreversible reaction and peaks (a) and (aʹ) are for a reversible reaction. Based on
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previous studies,24 peak (b) can be assigned to the reduction of nitrobenzene to
phenylhydroxylamine (PhNHOH) and peaks (aʹ) and (a) are due to the oxidation of
PhNHOH and reduction of PhNHOH to aniline, respectively.

Figure 2.8

Reduction cyclic voltammogram of a 4-NBD-modified 7 diam µm carbon
fiber electrode in 90:10 H2O-EtOH + 0.1 M KCl. Scan rate: 200 mV/s.
Conclusions

4-MMBD and 4-NBD show higher levels of blocking and operational stability out
of the four modifiers that were tested. 4-NBD was chosen as the best modifier for further
experiments due to its lower cost and higher availability.
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CHAPTER III
AC-SECM SCANNING MODE AND DATA ANALYSIS
SECM is an electroanalytical instrument capable of producing maps of localized
chemical species and the topography of a surface. In this dissertation, the targeted surface
is scanned with a modified UME to generate a concentration profile image. In SECM,
this type of concentration profile image is produced using the continuous scanning
technique. In this technique, the UME tip moves continuously across a preselected
surface region. As shown in Figure 3.1a, the tip moves forward from one edge to the
other edge in the major axis, and then scans back to the initial starting point (outgoing
and incoming scans). Then the tip moves forward in the minor axis. These two steps are
repeated as shown in Figure 3.1a to cover the desired surface region. In this continuous
scanning mode, data are collected while the tip is moving. In order to produce a
concentration profile image using the continuous SECM scanning mode, the preferred
chemical reaction at the tip should be fast. Most oxidation and reduction reactions are
fast, and these reactions have been successfully used on SECM continuous scanning
mode.3
Imaging of localized radicals on a surface using a modified UME is based on nonamperometric signals generated at the tip. The reaction between radicals and modifiers on
the tip is the key step that changes the tip response in this SECM imaging process.
Preliminary studies show that the time taken to show a significant change in the modified
layer is 1-2 min, and these results are shown in Chapter IV.
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Figure 3.1

SECM scanning techniques (a) continuous scanning, (b) spot scanning.
Each star indicates a single data collection point.

The continuous SECM scanning mode was used in an attempt to map the ROS
distribution with slower scanning rates to increase the contact time. All attempts made to
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image radicals with continuous SECM scanning failed. Inadequate exposure time in
continuous scan is the main reason for this failure. The spot scanning mode was used as
an alternative method to increase the tip contact time. Applying this scanning mode to
map ROS enhanced the sensitivity of the sacrificial AC-SECM technique. This new
technique, “enhanced sacrificial” AC-SECM (ES AC-SECM) is successfully used to map
ROS on a surface (test results will be discussed in the next chapter).

Figure 3.2

A grid drawn on a surface of 500 µm × 500 µm - showing 36 data
collection points. Numbered data collection points are shown with an arrow
and numbering order indicates the data collection sequence.

The spot scanning mode was developed to control the contact time between the
modified layer and radicals. In this mode, data are collected at the intersection points of a
grid overlaid on the sample surface. The tip is moved to each data point, and tip response
is recorded while keeping the tip stationary. Figure 3.1b can be used to illustrate this spot
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scanning approach. The first two rows of data points are shown with the scanning
direction. Most ROS imaging scans were performed over an area of 500 µm × 500 µm. A
typical five by five grid with thirty six data points is shown in Figure 3.2. After collecting
data from all thirty six points, each data set was analyzed using MS Excel. Excel graphs
generated for these data sets are shown in Figures 3.3 and 3.4.

Figure 3.3

Data plot for a single data point.

36

Figure 3.4

Data plot for a single data point.

As shown in these graphs, data collected in SE AC-SECM are usually noisy. We
believe it is important to show these slopes are statistically valid. Regression analysis for
data sets that were used to plot the graphs (Figures 3.3 and 3.4) was performed using
Microsoft Excel.26 The estimated linear regression line for these data can be given by
equation 3.1, where

and

are the intercept and gradient, respectively.
(3.1)

In these statistical studies, the null hypothesis was set as, H0:
equal to zero), and the alternative hypothesis was set as, H1:

0 (the slope

0 (the slope not equal

to zero). The calculated regression coefficients for these data are shown in Table 3.1. Pvalues given in Table 3.1 are to test H0:

0 against Ha:
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0.
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3.918×10

6.769×10

Standard error

1.558×10

0

-2004.049
-13.352

P‐value

t‐statistic

-1.357×10

-5.232×10

Intercept

Slope (A s-1)

Coefficients

3.617×10

6.249×10
-0.946

-2484.881

Standard error t‐statistic

0.344

0

P‐value

-6.000×10

-1.4×10

Lower 95%

-1.053×10

-1.554×10

Lower 95%

Calculated regression coefficient parameters for the data used in Figure 3.4.

-3.769×10

Slope (A s-1)

Table 3.2

-1.553×10

Coefficients

Calculated regression coefficient parameters for the data used in Figure 3.3.

Intercept

Table 3.1

3.681×10

-1.551×10

Upper 95%

-4.461×10

-1.355×10

Upper 95%

The coefficient (slope,

shown in Table 3.1 for the data set used in Figure 3.3

has an estimated P-value of 1.558×10
a significance level

= 0.05 as P

, therefore, the null hypothesis can be rejected at

0.05. It can be concluded with >95% confidence that

the slope of the graph for this data set lies between -6.000×10
1

. On the other hand, coefficient

and -4.461×10

A s-

shown in Table 3.2 for the data set used in figure

3.5 has an estimated P-value of 0.344, therefore the null hypothesis can be accepted at a
significance level

= 0.05 as P

0.05. Hence, it can be concluded with 95% confidence

that the slope of this graph lies between -1.053×10
The intercept and the gradient ∆

⁄∆

and 3.681×10

A s-1.

are the two key features in this graph.

These were plotted with SigmaPlot (SigmaPlot, Systat Software Inc) to generate the
contour line diagrams and TecPlot (TecPlot, Inc.) to create the contour color images
showing the AC current change (gradient data) and the intercept data. Figures 3.5a and
3.5b show the SigmaPlot and TecPlot images for the gradient and the intercept,
respectively.
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Figure 3.5

Constructed contour line and colored maps using slope and intercept data.

40

CHAPTER IV
ENHANCED SACRIFICIAL AC-SECM IMAGING OF ROS
Introduction
Reactive oxygen species, ROS, can be found in both biological as well as nonbiological systems. By definition, ROS can be radicals or non-radical species such as
H2O2 and singlet oxygen. Detecting ROS is a difficult process due to their short life time,
low concentration, and high reactivity. Any technique that can detect these reactive
molecules must overcome the above mentioned difficulties. Many techniques such as
chemiluminescence27 and ESR28 have been developed to detect radicals. Imaging reactive
species on a surface has been accomplished using ESR28 and electrochemical methods.29
ROS play key roles in many biological processes, such as a redox messenger,30 as a part
of primary defense mechanisms,31 and in programmed cell death (apoptosis).32 Out of
these, apoptosis caught the attention of cancer researchers as a counter control method in
cancer therapy. Even though apoptosis and cancer are opposite processes, ROS play a
major role in both.32 Understanding these processes involving ROS at the cell level can
be used to develop a therapy against cancer.31-33 Based on origin, biologically produced
ROS can be divided in to three main types. Radicals produced via reduction of molecular
oxygen, species such as superoxide (•O2¯) and peroxide radicals (•OH) are the first type of
radicals found in biological systems. Radicals with organic groups such as organic
peroxy radicals (ROO•) and alkoxyl radicals (RO•) are the second type of ROS. The third
type of ROS includes reactive molecules with heteroatoms such as nitric oxide (•NO) and
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nitrogen dioxides (•NO2). Biological processes of ROS are not well understood,33 and
direct detection methods are limited under physiological conditions. Aromatic
hydroxylation based ROS detection methods33 and in vivo ESR techniques33 have been
used to analyze ROS in biological systems. Even though these methods can detect ROS,
these techniques failed to provide direct ROS concentrations with time. In addition, no
successful method is available to map localized ROS concentrations in a biological
system. A simple but highly sensitive method that can image radical concentrations on
biological and non-biological surfaces can be a useful addition to understand these
systems. This dissertation describes a new method, sacrificial AC-SECM, for radical
mapping on a surface.
In the sacrificial AC-SECM method, a UME modified with nitrobenzene or
aniline is used as an electrode for the detection of radicals. Upon exposure to radicals, the
modified layer is stripped from the electrode. This change in the modified electrode can
be detected as a tip capacitance change, which is monitored using AC-SECM. Removal
of the modified layer increases the capacitance, and hence increases the AC current. This
novel radical mapping method is a purely non-amperometric method, and this approach
can eliminate any disturbances from dissolved redox species in the media. Hydroxyl and
superoxide radicals were selected as the targeted types of ROS in our imaging
experiments.
These two types of radicals were chosen mainly due to two reasons:
1. Hydroxyl and superoxide radicals are the main types of ROS that can be
found in many biological processes, such as, apoptosis, cancer, DNA
mutation processes, and inter-cellular messenger processes.33
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2. Biological conditions with localized ROS can be mimicked using Fenton
type reactions.
As explained in Chapter III, conventional continuous AC-SECM scanning
techniques failed to image radicals. However, the ES AC-SECM technique was
developed and successfully used as an imaging method for ROS using AC-SECM.
Experimental
Reagents
A Fe(II) and hydrogen peroxide solution was used to generate ROS (Fenton’s
reaction)34 for the experiments. H2O2 solutions (0.088 M) were used for all experiments
unless specified otherwise. This solution was prepared by diluting 3% H2O2 (Fisher)
using H2SO4. An Fe(II) solution or an iron alloy substrate was used as the iron source for
Fenton’s reaction. Fe(II) solutions were prepared by dissolving (NH4)2Fe(SO4)2·6H2O
(98%, Johnson Matthey Catalog Company) in H2SO4. These solutions were adjusted to
pH 3 using double distilled H2SO4 for CV experiments.
All SECM test solutions contain 10 mM K2SO4 (Enzyme Grade, Fisher Bio Tech)
and were buffered at pH 1.5 using redistilled H2SO4 unless specified otherwise. All
solutions were made using
Solutions were stored at 4

18 MΩ cm

ultrapure water (Milli-Q Millipore Corp.).

, and all experiments were carried out at 20

. Carbon fiber

UMEs (7 µm diam) modified with nitrobenzene and aniline were prepared as described in
Chapter II.
Experimental setup
Either a micro-capillary or an iron alloy wire mesh embedded in epoxy was used
to generate localized reactive chemical species for all SECM experiments. Micro43

capillaries were made using a laser micro-capillary puller (P-2000, Sutter Instrument,
Co.). Open ends of these capillaries were sealed and were placed vertically in a rubber
mold. Then the mold was filled with epoxy resin Epon® 828 (Miller-Stephenson,
Danbury, Connecticut) and was kept at room temperature overnight to cure. The substrate
was heat-cured at 110 °C for 3 hours and at 140 °C for another hour. Wet grinding was
performed with the use of successive grades of 400, 800P, and 1200P grit silicon carbide
sandpaper to expose the capillary. These substrates were further polished using
successive grades of 5, 3, and 0.05 µm diam alumina slurries on a cloth to create a
mirror-like surface. Iron alloy wire mesh substrates were made using the same method
explained earlier. An electrical connection was made extending out of the substrate to
control the substrate bias. Figures 4.1 and 4.2 show the finished capillary and the iron
alloy wire mesh-embedded substrates, respectively.
Experiment apparatus
The cyclic voltammetric setup and the AC-SECM instrument were explained
previously in Chapter II. In all experiments, the AC-SECM frequency was set at 365 kHz
with an amplitude of 76 mVpp. All AC-SECM readings were corrected using the system
gain (calculation of the system gain is explained in Appendix B).
Solutions were pumped using a KD-Scientific dual syringe pump (Model number
210, KD Scientific, USA). The tube (Tygon tube, 1.6 mm i.d., 3.2 mm o.d., U.S. Plastic
Corp., Ohio) coming out of each syringe was connected to a “T” connector that was
attached to the embedded microcapillary in the substrate. This allows the solutions to mix
just before introducing onto the substrate. Total mixing time before the solution is
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introduced on to the substrate was controlled by altering the tube length between the “T”
connector and the substrate.

Figure 4.1

A substrate with an embedded microcapillary (inner diameter ≅ 100 µm)

Figure 4.2

A substrate with embedded iron alloy wire mesh (distance between two
layers = 200 µm, distance between two wires = 100 µm).
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Results and Discussion
Testing the modified electrode using CV
The electrode modification process was performed as explained in Chapter II. Out
of four modifiers tested, nitrobenzene was selected as the ideal compound to modify
UMEs for radical imaging experiments. UMEs modified with 4-NDB were exposed to
Fenton’s solution, and changes in blocking ability to the redox mediators were tested
using CV. As shown in Chapter II, the modified layer can block the redox species
reaching the electrode surface. Any change to the modified layer on the UME alters the
blocking ability to redox mediators such as Ru(NH3)63+.
Radical species such as •OH and •O2¯ can react with the modified layer35 and this
change can be detected using CV. The cyclic voltammogram for a modified 7 µm carbon
fiber UME with 4-NDB is shown in Chapter II (see Figure 2.2). As shown in this CV,
only a double-layer charging current can be seen for this modified electrode. This change
in current (amperometric to non-amperometric) compared to the bare electrode occurs as
a result of the insulating nature of the modified layer.36 Removal of organic molecules in
this insulating modified layer increases the amount of water in the electrode double layer.
This composition change (organic to organic + water) increases the dielectric constant of
the double layer. In UMEs, compared to an undamaged modified layer, damaged
modified layers produce a larger double-layer charging current.
To monitor the effect of ROS, a modified electrode was exposed to the Fenton’s
solution (0.1 M Fe(II) and 0.088 M H2O2) for two min and then a cyclic voltammogram
was obtained in a solution of 2 mM Ru(NH3)63+ + 0.1 M KCl (pH 3) at a scan rate of 100
mV/s. These two steps were repeated with the same modified electrode for four times
(total exposure time was 10 min), and CVs collected from these successive exposures are
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shown in Figure 4.3. After each successive exposure to the Fenton’s solution, there was
an increase in the tip current (double-layer charging current), and this can be seen in
Figure 4.3. This is a direct result of the stripping off of the modified layer by radicals.
Each exposure creates permanent damage to the modified layer, and this increases the
capacitance of the double layer. The double-layer charging current change observed in
Figure 4.3 occurred due to the change in the capacitance of the double layer. This doublelayer charging current is

(where

is scan rate (V/s and

is the double-layer

capacitance).37 CV current (double-layer charging current) at 0 V was plotted with time
(Figure 4.4), and this graph shows the cumulative exposure time against the CV current.
As is seen in Figure 4.4, no change in the current was observed in first few minutes, but
after four minutes, a linear change was observed in the current with respect to time. This
data support our hypothesis made earlier.
In addition to the non-Faradaic charging current, Faradaic background currents
can be observed for carbon fiber electrodes.38 Reactions of surface functional groups (e.g.
C=O) create a pseudo-capacitance current in carbon fiber UMEs,39,40 and this
phenomenon is commonly reported in fast scan CV. Reversible redox peaks in Figure 4.3
and other voltammograms shown for the 4-nitrobenzene-modified UMEs occurred due to
this process. Furthermore, leakage through the modified layer is possible for these
modified electrodes. Both these processes may have contributed to the redox peaks (˗0.1
V to ˗0.3 V vs. Ag/AgCl) observed in Figure 4.3.
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Figure 4.3

Cyclic voltammograms of a 4-NBD-modified 7 µm diam carbon fiber
electrode in 2 mM Ru(NH3)63+ + 0.5 M KCl at 100 mV/s scan rate after
each successive two min exposure to the Fenton’s solution (0.1 M Fe(II)
and 0.088 M H2O2) up to ten min.
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Figure 4.4

Cyclic voltammetric current (measured at the arrow in Figure 4.3) at 0 V
for the 4-NBD-modified 7 µm carbon fiber electrode in 2 mM Ru(NH3)63+
+ 0.5 M KCl at a scan rate of 100 mV/s with respect to the cumulative
exposure time for the Fenton’s solution (0.1 M Fe(II) and 0.088 M H2O2).

The reaction between hydroxyl radicals and 4-nitrobenzene has been previously
reported with kinetic data.35, 41 The first step of the reaction between hydroxyl radicals
and nitrobenzene to produce nitrohydroxycyclohexadienyl radicals (see reaction 4.1) has
been well known for some time. Formation of these intermediate radicals (•OHC6H5NO2)
may not change the blocking ability of 4-nitrobenzene, and this can be seen in Figure 4.4
as an initial inductive region (2 min to 4 min). Nitrohydroxycyclohexadienyl radicals can
react further with ROS and get stripped from the electrode. This removal of modified
layer changes the capacitance of the double layer, which increases the tip current.

(4.1)

49

Figure 4.5

Cyclic voltammograms for a 4-NBD-modified 7 µm carbon fiber electrode
in 2 mM Ru(NH3)63+ + 0.5 M KCl at a scan rate of 100 mV/s after three
successive two min exposures to H2O2 followed by another three two min
exposures to the Fenton’s solution (0.1 M Fe(II) and 0.088 M H2O2).
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Figure 4.6

Cyclic voltammograms for a 4-NBD-modified 7 µm carbon fiber electrode
in 2 mM Ru(NH3)3+ + 0.5 M KCl at a scan rate of 100 mV/s after three
successive two min exposures to Fe(II) and followed by another three two
min exposures with the Fenton’s solution (0.1 M Fe(II) and 0.088 M H2O2).

To validate that this change can occur only when radicals are present, modified
electrodes were tested with Fe(II) and H2O2. In these experiments, UMEs modified with
4-nitrobenzene were first exposed to either 0.1 M Fe(II) or H2O2 (0.088 M) in three
consecutive, two min exposures. The electrode was then introduced to the Fenton’s
solution (0.1 M Fe(II) and 0.088 M H2O2) for another three consecutive, two min
exposures. In both cases, after each exposure, a cyclic voltammogram was collected in 2
mM Ru(NH3)63+ + 0.1 M KCl (pH = 3) to evaluate the damage to the modified layer.
Figures 4.5 and 4.6 show the voltammograms of the control tests for modified electrodes.
51

The voltammograms for the modified electrode in 2 mM Ru(NH3)63+ + 0.1 M KCl (pH =
3) after it was exposed to H2O2 for three successive two min periods followed by another
three two min exposures to the Fenton’s solution (last three runs) are shown in Figure
4.5. As shown in Figure 4.5, the first three exposures with H2O2 failed to make a
significant change (no change in the CV current) in the modified layer, but the last three
exposures to the Fenton’s solution were capable of changing the blocking ability of the
modified layer. With 0.1 M Fe(II), the modified layer shows unchanged blocking ability
and this can be seen in Figure 4.6. The first three voltammograms were collected with the
modified UME in 2 mM Ru(NH3)63+, 0.1 M KCl (pH = 3) after exposure to 0.1 M Fe(II)
for three successive two min periods followed by another three successive two min
exposures to the Fenton’s solution. As shown in Figure 4.6, the last three voltammograms
collected after the electrode was exposed to the Fenton’s solution show a change in the
CV current. These two sets of experiments show that only the Fenton’s solution can
degrade the modified layer.
AC-SECM imaging of ROS
As shown in the previous section, hydroxyl radicals and other ROS are capable of
creating irreversible changes to the modified UME. Conventional amperometric
techniques, such as CV and DC-SECM, are insensitive to these minute changes. The
double layer on the modified microelectrode tip can be considered a capacitor, and the
change at the double layer can be detected using impedance spectroscopic techniques.42
This idea was introduced to SECM and was used to image surfaces as a function of tip
impedance change at the microelectrode.9 The same idea can be applied to the modified
electrodes; any interference at the modified layer changes the double layer arrangement,
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and this leads to an alteration in the electrode tip capacitance. A modified UME was
exposed to the Fenton’s solution, and both AC and DC parts of the tip response were
recorded. Generation of fresh Fenton’s solutions was achieved using a dual syringe
pumping system (explained previously, see Chapter III). First, UMEs modified with 4nitrobenzene were exposed to Fenton’s solutions with different Fe(II) and H2O2
concentrations. Figure 4.7 shows a set of AC-SECM AC current responses for
nitrobenzene-modified electrodes that were exposed to Fenton’s solutions with different
concentrations of Fe(II) and H2O2. As shown in Figure 4.7, the largest change in the AC
current response was observed for 0.1 M Fe(II) and 0.088 M H2O2. Also, the magnitude
of the AC current change declined with a decrease in Fe(II) and H2O2 concentrations.
Higher concentrations of Fe(II) or H2O2 produced more radicals that removed the
modified layer more quickly, and this change increases the double-layer capacity at the
electrode tip. Compared to the modified electrode with a low double-layer capacitance,
an electrode with a damaged modified layer gives a larger capacitance, and this change
produces lower impedance at the tip (higher admittance). As shown in previous CV
experiments, exposure time has a linear correlation with the double-layer charging
current. Therefore, the amount of ROS in the medium can be correlated to the magnitude
of the double layer damage at the electrode tip. Based on these data, it can be assumed
that the behavior of AC-SECM AC current (impedance) change occurred as a result of
ROS. As shown in Figure 4.7, the largest AC current change for a modified electrode is
observed for the Fenton’s solution with 0.1 M Fe(II) and 0.088 M H2O2. In this AC
current response curve, three main regions can be identified. First, an initial inductive
region is observed; second a region where AC response changes linearly with the time,
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and finally a saturation in the response (leveling off) are observed. These results confirm
the ability of AC-SECM to qualitatively detect ROS.
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Figure 4.7

AC-SECM AC current change with changes in Fenton’s solution for nitrobenzene-modified 7 µm diam carbon fiber
electrodes.

Sacrificial AC-SECM imaging of ROS
An AC-SECM imaging technique for ROS was designed based on the AC-SECM
results for the modified UME with Fenton’s solution. Hydroxyl radicals and other ROS
were generated by either one of two methods: pumping Fenton’s solution through a
micro-capillary or using an embedded iron alloy wire mesh. In the presence of H2SO4, the
iron alloy wire mesh corrodes and produces Fe(II) which can then react with H2O2. These
two methods were used to create localized ROS concentrations on a surface. A region of
400 µm × 400 µm on this substrate was imaged with a UME tip modified with 4-NBD.
The tip AC current was recorded with respect to the tip position. Recorded data were
plotted as the position versus the first derivative of the AC current with respect to
distance (

/

, where

is the tip AC current and

is the major axis

distance).
Figure 4.8a shows the continuous scanning image of the iron alloy wire meshembedded substrate in the absence of ROS (no radicals were generated). The AC-SECM
scanning settings were: tip-substrate distance of 50 µm, 364 kHz, 76 mV peak to peak
(mV ) AC current, 0 V DC tip potential, and a scan rate of 5 µm/s. A solution of 10 mM
K2SO4 buffered (pH 1.5) using H2SO4 was used as the electrolyte. A 7 µm modified
carbon fiber working electrode was used. Ag/AgCl (3 M) and Pt electrode were used as
the reference and the auxiliary electrodes, respectively. The

/

versus

distance image for this scan is shown in Figure 4.8b. Note that the direct scan and the
/

versus distance images did not produce any clear topographic features that

match with the wire mesh. The area shown in Figure 4.8 was rescanned after introducing
H2O2, and these rescanned results are shown in Figure 4.9.
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Figure 4.8

Continuous AC-SECM scan images for an iron alloy wire mesh-embedded
substrate using a 4-NBD-modified 7 µm carbon fiber electrode at a scan
rate of 5 µm/s and a 50 µm tip-substrate distance. Solution conditions: 10
mM K2SO4 adjusted to pH = 1.5 using H2SO4, and no H2O2 in the medium:
(a) direct AC current image. An artifact, which is indicated with arrows, is
due to insulating tape. (b) constructed
/
image.
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Figure 4.9

Continuous AC-SECM images for an iron alloy wire mesh-embedded
substrate using a 4-NBD-modified 7 µm carbon fiber electrode at a scan
rate of 5 µm/s and a 50 µm tip-substrate distance. Solution conditions: 10
mM K2SO4 adjusted to pH = 1.5 using H2SO4, and with H2O2 (0.088 M) in
/
the medium: (a) direct AC current image, (b) constructed
image, color bar scale in AC current gradient. An artifact, which is
indicated with arrows, is due to insulating tape. Areas with larger
/
values are indicated by the rectangles.
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Figure 4.9a shows the continuous AC-SECM scanning image of the surface after the
introduction of H2O2, and Figure 4.9b is the

/

versus distance image of the

same scan. In Figures 4.8 and 4.9, an artifact can be seen at the top middle region (shown
with arrows in Figure 4.8a). It is believed that this artifact results due to the insulating
tape placed between the iron alloy wire mesh layers. The insulating tape can be seen in
the optical microscopic image shown in Figure 4.10a. In this discussion, changes due to
the artifact are excluded.
In Figure 4.9a, no significant change in the AC current is observed. The
/

constructed
some change in

image for these data is shown in Figure 4.9b. In this image,
/

is observed with distance (shown with rectangles). H2SO4

corrodes the iron alloy wire mesh and generates Fe(II), and these Fe(II) ions can undergo
Fenton’s reaction with H2O2 to locally produce ROS. As the tip passes through regions in
which radicals are present, the modified layer will strip off from the tip, and this change
is registered as an AC current increase. Regions that mark changes in the AC current can
be seen effectively after converting to the first derivative of AC current with respect to
the major axis distance. A comparison between similar optical microscopic and the
/
in the

versus distance images is shown in Figure 4.10. Regions that have changes
/

versus distance image match the iron alloy wire mesh pattern on the

substrate, and this indicates that changes in the AC signal occur as a result of ROS.
Since the tip is relatively far away from the substrate, a “positive feedback like”
effect can be ruled out. In the control experiment (see Figure 4.8), no areas with large AC
signals were generated to match the iron alloy wire mesh pattern on the substrate. Based
on scan results shown in Figure 4.8, an AC current change as a result of ionic strength
change due to the localized Fe(II) ion generation or conducting substrate effect can be
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eliminated. This confirms that the AC current change observed in Figure 4.9 is mainly
due to ROS.
A similar set of experiments was repeated with the micro-capillary-embedded
substrate. Fenton’s solution was pumped at the rate of 0.05 ml/min through the capillary
opening to generate localized radicals. These experiments were repeated many times
while changing parameters such as scanning rate, tip-substrate distance, and Fe(II) and
H2O2 concentrations in the Fenton’s solution. Even with these changes, the continuous
AC-SECM technique failed to produce any significant change in the AC current. In these
capillary-embedded substrate experiments, the total area in which ROS are present (area
of the capillary opening) is approximately 1000 µm2. In iron alloy wire mesh substratebased experiments, radicals can be found in an area significantly larger than that of a
capillary-embedded substrate. This difference between the two substrates leads to a
longer tip exposure time to radicals in iron alloy wire mesh-embedded substrate
experiments. Thus, compared to the iron alloy mesh-embedded substrate, the tip exposure
time for radicals is significantly less in the micro-capillary-embedded substrate. These
results highlight two factors that affect the sensitivity of the AC-SECM radical mapping
technique: the exposure time and the radical concentration. The continuous scanning
technique was modified to enhance radical mapping sensitivity based on these
observations. The spot scanning method described in Chapter III was introduced to map
radicals.
Effect of non-radical species on the modified layer
The Fenton’s reaction produces Fe(III) ions as a product. In the Fenton’s reaction
solution, Fe(II) is a reducing agent and Fe(III) can act as an oxidizing agent. In addition
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to these metal ions, H2O2 can act as an oxidizing or reducing agent. The effect of these
redox active species was tested by exposing the modified electrode to each redox species.
UMEs modified with 4-nitrobenzene and aniline were tested with these non-radical
species. Modified electrodes were exposed to H2SO4 (pH = 1.5), Fe(II) and Fe(III), and
all solutions were adjusted to pH = 1.5 using H2SO4. The AC-SECM was set at 364 kHz
and 80 mVpp sinusoidal AC current and the DC tip potential was set at +0.4 V. First, an
unmodified electrode was tested with these non-radical species. In this test, an
unmodified 7 µm carbon fiber UME was exposed to a solution of H2SO4 (pH = 1.5) and
AC-SECM AC tip current was recorded for 10 min. Then this step was repeated with
Fe(II) and Fe(III). Figure 4.11 shows the results of these experiments with all three
solutions. Two main features can be observed in these exposure results: the initial AC
current observed for each solution, and the AC current change observed while the
electrode is exposed to the solution. The initial current mainly depends on the solution’s
ionic strength. In Figure 4.11, the magnitude of the initial AC current signal for H2SO4
(pH = 1.5) is smaller than that of the Fe(II) and Fe(III) response. This difference is a
result of the ionic strength difference in these electrolyte media (both Fe(II) and Fe(III)
solutions have higher ionic strengths compared to H2SO4 (pH = 1.5), and this change
affects the double-layer capacitance). The magnitude of the AC current change while the
tip is exposed to the solution is similar with all three solutions.
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Figure 4.10

Comparison between the optical image of the iron alloy wire mesh-embedded substrate (a) and the
/
image (b) of an area in the presence of H2O2 (0.088 M). Insulating tape between the layers can be seen in the optical
image.

These same sets of experiments were repeated with a nitrobenzene-modified UME. First,
the modified UME was exposed to H2SO4 (pH = 1.5) while recording the AC current.
Then the same electrode was exposed to each of the following (pH = 1.5) solutions for 10
min: Fe(II), Fe(III), and H2SO4, in that order. The resulting AC current response is given
in Figure 4.12. As seen in Figure 4.12, the largest change in the AC current response
(while the tip is exposed) is observed with the Fe(II) solution. This is probably due to a
chemical reaction between Fe(II) ions and nitrobenzene molecules in the modified layer.
On the other hand, the AC current change while in the Fe(III) solution is minute
compared to that in the Fe(II) solution.
This same set of experiments was repeated with an aniline-modified electrode,
and the results are shown in Figure 4.13. With the aniline-modified UME, the same order
of exposure was followed. The initial exposure with H2SO4 (pH = 1.5) was followed by
Fe(II), Fe(III), and finally a second exposure with H2SO4 (pH = 1.5). As seen in Figure
4.13, the aniline-modified UME shows no significant change while exposed to the Fe(III)
solution, but with Fe(II) exposure, the aniline-modified UME shows some change in the
AC response. One key feature that can be seen in Figure 4.13 is that the change in AC
current response for Fe(II) levels off after the first min of exposure. Most importantly, the
AC current change observed with the aniline-modified UME is partially reversible
(introduction of H2SO4 decreases the AC current, see scan number four). These types of
metal ion interactions will be explained further in Chapter V.
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Figure 4.11

AC current change (note the negative axis) for an unmodified 7 µm UME with H2SO4 (pH = 1.5), Fe(II), and Fe(III)
solutions. Both Fe(II) and Fe(III) were adjusted to pH = 1.5 using H2SO4 (pH = 1.5).
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Figure 4.12

AC current change for a 4-NBD-modified 7 µm UME exposed to H2SO4 (pH = 1.5), Fe(II), Fe(III), and H2SO4 (pH =
1.5). Fe(II) and Fe(III) solutions were adjusted to pH = 1.5 using H2SO4. Order of exposure is shown with numbers.

Based on these results, aniline-modified UMEs show higher stability towards
non-radical species that can be found in Fenton’s solution. We believe that this stability is
due to the positive charges developed at the protonated aniline layer on the electrode.
These positive charges repel positively charged ions in the medium. Furthermore,
protonation of aniline makes it hard to oxidize. Both these factors increase the stability of
the aniline-modified layer on the UME.
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Figure 4.13

AC current change for an aniline-modified 7 µm UME exposed to H2SO4 (pH = 1.5), Fe(II), Fe(III), and H2SO4 (pH
= 1.5) solutions. The Fe(II) and Fe(III) solutions were adjusted to pH = 1.5 using H2SO4. The order of exposure is
shown with numbers.

Enhanced Sacrificial AC-SECM imaging of ROS
The enhanced sacrificial AC-SECM (ES AC-SECM) technique was used to map
radicals as discussed in Chapter III. Using this method, 500 µm × 500 µm images were
produced by collecting AC current data for 30 s on an equally spaced six by six grid (see
Figure 3.2). These thirty six data sets were used to form the gradient and intercept images
as described in Chapter III. An initial continuous AC -SECM survey scan was performed
at a 10 µm tip-substrate distance with a scan rate of 30 µm/s. This step was performed to
map the location of the micro-capillary opening or the orientation of the iron alloy mesh
on the substrate. Then the tip was relocated at 40 µm to 50 µm away from the substrate to
collect the ES AC-SECM data. A Fenton’s solution was pumped through the capillary to
generate localized radicals. In the case of iron alloy wire mesh substrates, H2O2 and
H2SO4 (pH = 2) were introduced to generate radicals. The intercept (intercept of the
∆

/∆ plots) images and the gradient (gradient of the ∆

/∆ plots) images were

generated using ES AC-SECM data. The intercept image shows the surface’s topographic
features, because the intercept of ∆

/∆ graph indicates the initial AC current at each

data collection point.
A typical continuous AC-SECM image for a substrate with an embedded
microcapillary is shown in Figure 4.14. The continuous AC-SECM scan was collected
using an aniline-modified 7 µm carbon fiber UME at a 10 µm tip-substrate distance, with
H2SO4 (pH = 2) as the electrolyte. In these initial scans, the tip potential was set at +0.4 V
without pumping the Fenton’s solution. The blue colored region (the region with a lower
AC current magnitude) indicates the capillary opening. This area is the region that is
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expected to have a capacitance change when the Fenton’s solution is pumped through the
capillary.
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Continuous AC SECM raster image of a substrate with an embedded
microcapillary (i.d. = 150 µm) using an aniline-modified 7 µm UME
immersed in H2SO4 (pH = 2) with a 10 µm tip-substrate distance at a scan
rate of 30 µm/s. Color bar scale in amperes.
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Constructed intercept image for an ES AC-SECM scan of a substrate with
an embedded microcapillary (i.d. = 150 µm) using an aniline-modified 7
µm UME with a 50 µm tip-substrate distance while pumping Fenton’s
solution (0.004 M Fe(II) and 0.088 M H2O2 adjusted to pH 2.0 using
H2SO4). Color bar scale in amperes.

Since the direct AC-SECM scan at the 50 µm tip-substrate distance (the typical
distance where ES AC-SECM data collection was done) does not produce any
topographic features, an initial scan at a 10 µm tip-substrate distance was always used to
validate the position of the microcapillary in ES AC-SECM images.
After the initial AC-SECM, the modified tip was brought back to the starting
point and ES AC-SECM data collection was done while pumping Fenton’s solution
(0.004 M Fe(II) and 0.088 M H2O2 adjusted to pH 2.0 using H2SO4). The collected ES
AC-SECM data sets were analyzed as explained in Chapter III. Figure 4.15 is the
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resultant intercept image of the substrate shown in Figure 4.14. Data collection for this
ES AC-SECM was started at (x,y) = 0,0 and the collecting order was explained in
Chapter III. At the beginning, the intercept (AC current) stayed low and started to change
around (x,y) = 200, 200. After passing (x,y) = 200, 300, the intercept stayed unchanged.
This initial change can be explained using two factors: first the capillary opening changes
the initial tip AC current in the same way as in the direct AC-SECM scan. Secondly, the
irreversible damage to the modified layer increases the AC current. This irreversible
change also explains the larger constant AC current after passing the capillary opening.
The gradient, ∆

/∆ image, is shown in Figure 4.16 for the substrate shown in Figure

4.14. The largest positive current change and positive currents are observed around x =
200 µm and y = 200 µm. This is a clear indication that the modified layer has been
stripped off from the electrode tip. In Figure 4.16, the region with the largest current
change matches the areas in which the capillary opening was indicated in both Figures
4.14 and 4.15. This confirms that the lager capacitance change occurred as a result of the
pumped Fenton’s solution. Based on previous experimental evidence shown above, the
most likely process that can remove the modified layer is the reaction with ROS. Since
radicals can only be present around the capillary opening area, these experimental data
show the ability of the AC-SECM to image ROS. AC current versus time graphs for a
data collection point close to the capillary opening (x = 200 µm, y = 200 µm) and a data
point away from the capillary (x = 400 µm, y = 400 µm) are shown in Figures 4.17a and
4.17b, respectively. Linear regression analyses for these two data sets are given in
Chapter III.
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Constructed gradient image for the ES AC SECM scan image of a substrate
with an embedded microcapillary (150 µm i.d.) using an aniline-modified 7
µm UME with a 50 µm tip-substrate distance while pumping Fenton’s
solution pumping (0.004 M Fe(II) and 0.088 M H2O2 adjusted to pH 2.0
using H2SO4). Color bar scale in A s-1.
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Figure 4.17

AC current change in the spot scanning mode with the time for the scan
given in Figure 4.16. Graph (a) is for a data point acquired at a point near
to the capillary opening and it shows a significant AC current change with
the time, (b) is for a data point acquired at a point located away from the
capillary opening and shows no significant change in the AC current.

An iron alloy wire mesh-embedded substrate was used as the second radical
source to test the imaging capability of the modified UME using AC-SECM. One major
advantage of using an iron alloy wire mesh is that the amount of Fe(II) produced can be
controlled by changing the substrate potential. Hence the substrate potential can be used
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as an “on-off” switch for the Fenton’s reaction and the amount of radicals formed can be
controlled.
A typical continuous AC-SECM image for an iron alloy wire mesh is shown in
Figure 4.18a. The scan was done using an aniline-modified UME. An initial direct ACSECM scan was done to locate the wire mesh (this scan was performed using the same
method explained earlier). Then the same area was scanned using the ES AC-SECM
technique after introducing H2O2 (concentration set at 0.088 M). Figure 4.18b is the
∆

/∆ (gradient) image for the same area shown in Figure 4.18a after introducing

H2O2, with a 50 µm tip-substrate distance. This scan was done while keeping the
substrate disconnected from the amplifier (at open circuit potential). Corrosion of the
wire mesh produced Fe(II) for the Fenton’s reaction. The circular-shaped areas in Figure
4.18a with larger AC currents (shown with an arrow) represent the iron alloy wires on the
substrate. These areas are the regions that are expected to have a capacitance change
when H2O2 is introduced. The larger AC current generated at these areas can be explained
using the conducting substrate effect (see Chapter I). The ES AC-SECM ∆
for the region shown in Figure 4.18a is given in Figure 4.18b. In this ∆

/∆ image

/∆ image a

single region that has a positive capacitance change is observed. This region with the
positive capacitance change matches the circular-shaped region observed in the initial
continuous AC-SECM image. A possible reason for observing only a single region can be
explained as a result of localized corrosion in the iron alloy wire mesh. Fe(II) ions are
produced only at the places where localized corrosion occurs. Since Fe(II) ions are
required to produce hydroxyl radicals and other ROS, only the areas with localized
corrosion can be seen in the ∆

/∆ image. Altering the substrate potential can control

the corrosion rate and can be used to change the amount of radicals produced on the
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surface. A positively biased iron alloy wire mesh-embedded substrate can generate larger
amounts of radicals than unbiased substrates, whereas negatively biased substrates
generate fewer radicals. The gradient image for a substrate that is biased at ˗0.2 V is
shown in Figure 4.19b. The initial continuous AC-SECM image for the substrate is
shown in Figure 4.19a. Figure 4.20b shows the gradient image for an iron alloy wire
mesh-embedded substrate that is biased at +0.2 V. The continuous AC-SECM scan is
shown in Figure 4.20a. Although these are three separate experiments, they were
performed with the same iron alloy-embedded substrate and at each time, a freshly
modified UME was used. The positively biased substrate shows three data points with
positive capacitance changes. On the other hand, negatively biased substrates generated
only a single data point with a positive capacitance change. When these gradient images
are compared, it is evident that the image that is produced for the positively biased
substrate showed a larger capacitance change compared to both unbiased and negatively
biased substrates. On the other hand, the negatively biased substrate produced the lowest
rate of capacitance change.
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Figure 4.18

ES AC-SECM images for an unbiased (open circuit potential) iron alloy
wire mesh-embedded substrate in H2SO4 (pH = 1.5): (a) a continuous ACSECM raster image without H2O2 and at a 10 µm tip-substrate separation
using an aniline modified electrode, color bar scale in amperes, (b) the
gradient (∆ /∆ image for a scan with H2O2 (0.088 M) at a 50 µm tipsubstrate distance, color bar scale in A s-1.
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Figure 4.19

ES AC-SECM images for a positively biased (+0.2 V) iron alloy wire
mesh-embedded substrate in H2SO4 (pH = 1.5): (a) a continuous ACSECM raster image without H2O2 and at a 10 µm tip-substrate separation
using an aniline-modified electrode, color bar scale in amperes, (b) a
∆ /∆ image for a scan with 0.088 M H2O2 at a 50 µm tip-substrate
separation, color bar scale in A s-1.
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Figure 4.20

ES AC-SECM images for a negatively biased (-0.2V) iron alloy wire meshembedded substrate in H2SO4 (pH = 1.5): (a) a continuous AC-SECM
raster image without H2O2 and at a 10 µm tip-substrate separation using an
aniline modified electrode, color bar scale in amperes, (b) a ∆ /∆ image
for a scan with the presence of 0.088 M H2O2 at a 50 µm tip-substrate
separation, color bar scale in A s-1.
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ES AC-SECM imaging of systems with no ROS (Fe(II) etc.)
At the beginning of this chapter, a partially reversible chelating effect of anilinemodified electrodes with Fe(II) and Fe(III) was shown. Solutions of Fe(II) (0.004 M) and
Fe(III) (0.004 M) were used to determine the effect of these metal ions with an anilinemodified electrode. This ES AC-SECM experiment was designed to evaluate the effect of
Fe(II) and Fe(III) ions in the Fenton’s solution. In addition, these experiments were used
as preliminary studies to develop a method to image metal ions using AC-SECM. The
same experimental setup was used with the microcapillary embedded substrate. A
mixture of Fe(II) and Fe(III) was pumped at a rate of 10 µL/s, and the ES AC-SECM data
collection was performed at a 50 µm tip-substrate distance with the tip potential of +0.4
V using an aniline-modified UME. Figure 4.21a shows the intercept image for the spot
scan performed with the Fe2+/Fe3+ solution. In this image, the area of the capillary
opening can be clearly identified. This intercept image is similar to the image that was
produced with Fenton’s solution except for one key feature. In the intercept images
produced with Fenton’s solution, the intercept value change at the capillary opening was
irreversible but the change in the intercept with the Fe2+/Fe3+ mixture is reversible. This
indicates that any change happening on the modified layer using Fenton’s solution is
permanent but the change is reversible with Fe2+/Fe3+ solution. A comparison between
these two images is shown in Figure 4.21. Figure 4.21b is the intercept image for the ES
AC-SECM scan image with Fenton’s solution.
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Figure 4.21

Intercept images for a micro-capillary embedded surface: (a) with Fe2+/Fe3+
(0.004 M Fe(II) and 0.004 M Fe(III) adjusted to pH = 2.0 using H2SO4)
mixture pumping, (b) with Fenton’s solution (0.004 M Fe(II) and 0.088 M
H2O2 adjusted to pH = 2.0 using H2SO4) pumping. Next to each image the
possible location of the capillary is shown with a scaled image. Color bar
scale in amperes.
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Figure 4.22

The ∆

A ∆ /∆ image for a micro-capillary embedded substrate with Fe2+/Fe3+
(0.004 M Fe(II) and 0.004 M Fe(III) adjusted to pH = 2.0 using H2SO4) at a
50 µm tip-substrate separation using an aniline-modified 7 µm carbon fiber
electrode. Solution pumping speed was set at 10 µL/min and the tip
potential was set at +400 mV (E vs. Ag/AgCl). Color bar scale in A s-1.
/∆ image of the Fe2+/Fe3+ intercept image (Figure 4.21a) is shown in

Figure 4.22. In this image, data points before the capillary opening showed a positive
capacitance change (positive gradient in AC current vs. time plot), which indicates the
ionic strength change around the capillary opening.The next two points on the capillary
81

opening showed a negative capacitance change (negative gradient in AC current vs. time
plot), which occurs due to metal ion interactions with the modified layer. The fifth point
after passing the capillary opening showed a positive capacitance change, which indicates
regeneration of the modified layer. The position of the microcapillary is shown by a
diagram next to the ∆

/∆ image with a blue colored circle. The path in which ES AC-

SECM data points are located and the direction of data collection is marked in the image.
Gradients of the data sets collected in this scanning path are shown next to Figure 4.23 in
a graph. Based on these results, it can be hypothesized that this AC current change
occurred as a result of reversible metal chelation reactions between Fe2+/Fe3+ and aniline.
The magnitude of the ∆

/∆ change for Fe2+/Fe3+ mixture is about 60% compared to

the change for a system with ROS, but this change is positive for ROS and negative for
Fe2+/Fe3+. The effect of Fe2+/Fe3+ can be fully understood by analyzing the six spot-scan
data points in the Y = 200 µm line (shown in Figure 4.22). The data were examined in
their collection order. The first data point in the line was Y = 200 µm, X = 0 µm, and no
change in the AC current was observed. The second data point before the capillary
opening at Y = 100 µm, X = 100 µm showed a net capacitance increase. At the third spotscan data point, Y = 200 µm, X = 200 µm, a negative net capacitance change was
observed as a result of the Fe2+/Fe3+ concentration change between the second and the
third spot-scan data points. The fourth spot-scan data point, Y = 200 µm, X = 400 µm,
showed a larger negative capacitance change, and this was just after passing the capillary
opening. The last two data sets showed no net capacitance change. After passing the
capillary opening, concentration of Fe2+/Fe3+ reduced and chelated metal ions were
released to the medium. This caused the capacitance at the double layer to increase. The
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proposed mechanisms for this type of capacitance change at the modified layer will be
explained in Chapter V.
Conclusions
Both nitrobenzene- and aniline-modified electrodes showed significant changes in
the double-layer capacitance in the presence of ROS. This capacitance change can be
detected using AC-SECM and can be used to qualitatively image ROS density on a
surface.
Nitrobenzene-modified electrodes showed a significant change in the AC current
as a result of the interactions with Fe(II) ions. Based on these results, the aniline-modified
electrode-based ES AC-SECM technique is the most effective method to map hydroxyl
radicals and other ROS in the Fenton’s solution. Aniline-modified UMEs showed
reversible chelating interactions with Fe2+/Fe3+ ions.
Even with low resolution, the ES AC-SECM technique gave better results
compared to the continuous AC-SECM scanning method to map radicals on a surface.
A reversible capacitance change was observed for the aniline-modified electrodes
with Fe2+/Fe3+ ions, and this will be used to develop an AC-SECM-based transition metal
ion mapping technique in the next chapter.
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CHAPTER V
AC-SECM METAL ION IMAGING
Detecting metal ions qualitatively and quantitatively using electrochemical
techniques is well known. Ion selective electrodes (ISE) and voltammetric techniques are
the predominant methods for detecting metal ions.43 ISEs have many advantages such as
their nondestructive nature and selectivity. However, ISEs are not available for every
metal, and this limits the use of ISEs.43, 44 On the other hand, voltammetric techniques
can disturb the existing equilibrium in the medium. Due to advantages such as sensitivity
and low detection limits for most metal ions, ISEs are the top choice for the detection of
metal ions.43, 45
Detection of metal ions can be helpful in understanding the chemical nature of a
surface. In addition, mapping of metal ions can be used to understand the behavior of
metal ions in biological systems. Maintaining the same level of accuracy throughout the
detection period and producing minimum disturbance to the system are two main
requirements for mapping techniques. Voltammetric and amperometric techniques can be
used continuously with the same level of accuracy; however, these methods are not free
of disturbance (consumption of analyte and electrolysis products). Non-amperometric
methods, such as AC-SECM coupled with a modified electrode, can be used to detect
ions without disturbing the system.
As metal ions chelate with the modified layer, the double-layer capacitance will
change, and this change can be detected using impedance spectroscopy.46 Since chelation
84

is a reversible process, the chelation level is dynamic and fluctuates with respect to the
free metal ion concentration of the system. As described in the previous chapter,
Fe2+/Fe3+ show reversible interactions with the aniline-modified layer in UMEs. Exposure
to metal ions such as Fe2+/Fe3+ reduces the AC current generated, and this phenomenon
can be used to detect metal ions on a surface using a modified electrode.
Experimental
Reagents
Except for metal ion solutions, all other reagents were prepared as explained in
Chapters II and IV. All metal ion solutions were prepared using the divalent form of the
metal ions. CuCl2·2H2O, NiSO4·6H2O, and ZnSO4·7H2O were purchased from Fisher
Scientific (certified ACS grade). All other reagents were ACS grade and were used as
received.
Electrodes
Electrode preparation and modification methods are explained in Chapters II and
IV. When needed, potential measurements versus Ag/AgCl (3 M KCl) were corrected to
SHE (+208 mV) by calibrating against an SCE electrode (Fisher Scientific, Accument).
Experimental Apparatus
The experimental setup of AC-SECM was identical to that described in Chapter
IV.
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Results and Discussion
Preliminary studies for imaging metal ions using AC-SECM
An aniline-modified UME shows reversible interactions with Fe2+/Fe3+ ions as
observed in Chapter IV. Since Fe is a transition metal, it can be hypothesized that other
transition metal ions may also show some type of interaction with an aniline-modified
UME. The results discussed here are from a set of experiments designed to investigate
the interaction of aniline-modified UMEs with transition metal ions. Different metal ion
sources were used for these investigations.
A 200 µm diam copper-wire embedded substrate was used as the first metal ion source in
these preliminary studies. Metal ion detection was performed using a 7 µm carbon fiber
UME modified with aniline. A solution of 0.05 M H2SO4 was used as the electrolyte for
AC-SECM experiments. An advantage of using H2SO4 is that it can corrode the metal
and produce free metal ions. Corrosion at the embedded metal wire can be controlled by
an applied potential to the substrate. An initial AC-SECM line scan crossed the metal
wire using a modified UME at a scan rate of 20 µm/s. This AC-SECM line scan for the
copper wire substrate is shown in Figure 5.1. This control AC-SECM line scan was
performed while the substrate was negatively biased at -200 mV. A negative potential
was used to shut down the natural corrosion of Cu by H2SO4. When the substrate was
biased, a large AC current decrease was observed over the Cu electrode, and this change
cannot be related to metal ion chelation. As explained in the literature, this is a “negative
feedback like” effect that results from the biased substrate.15 Unconnected (open circuit)
conducting substrates normally produce a “positive feedback like” effect, and this effect
was explained in Chapter I. Electrically connected (biased) conducting substrates drain
current passing between the auxiliary electrode and the tip electrode. This process
86

generates a “negative feedback like” effect for a conducting substrate that is connected to
a potentiostat.15

Figure 5.1

An AC-SECM line scan graph for a 200 µm diam copper-wire embedded
substrate using an aniline-modified 7 µm diam carbon fiber UME in 0.5 M
H2SO4 at a scan rate of 20 µm/s and a 50 µm tip-substrate distance. The tip
potential was set at +200 mV (vs. Ag/AgCl) and the substrate potential was
set at -200 mV (vs. Ag/AgCl). The copper wire is located between d = -100
µm and d = +100 µm.

A schematic representation of the biased conducting substrate’s effect on the
current flow is shown in Figure 5.2. The

,

, and

parameters shown in Figure 5.2

represent tip current, auxiliary current, and substrate current, respectively. In this system,
is the current passing from the auxiliary electrode to the tip, and ʹ indicates the
parasitic current loss from . Current generated between the auxiliary electrode and the
conducting substrate is given by

.
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Figure 5.2

Possible current paths for an AC-SECM system with a biased conducting
substrate. This figure is reproduced from Baranski, A. S.; Diakowski, P. M.
J. Solid State Electrochem. 2004, 8 (10), 683-692.

The magnitude of ʹ increases as the tip approaches the conducting substrate,
which causes the tip current ( ) to decrease. Since this effect is significant, any metal ion
chelation effect on the AC current is negligible. Thus, metal ion generation using a biased
substrate while performing AC-SECM scanning was not successful.
Using an initial substrate potential pulse followed by an AC-SECM scan showed
better results. In this approach, a potential pulse (typically five seconds long) was given
to the substrate prior to the line scan. This pulse produces a burst of metal ions which
spread into the scanning media. A line scan performed after the potential pulse can detect
the ions generated at the embedded metal wire. The amount of metal ions produced can
be changed by varying the pulse potential. Figure 5.3 shows an AC-SECM line scan
comparison between scans performed while the substrate is biased (Figure 5.3a) and an
unconnected substrate that was negatively biased (-200 mV) for 10 min prior to scanning
(Figure 5.3b). The scan for the biased substrate clearly shows a strong “negative feedback
like” effect, a change of 600 pA, and the unconnected substrate shows a change of 20 pA,
which is negligible compared to that of the biased substrate. The biased copper wire
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resists the natural corrosion reaction with H2SO4 in the medium, and this avoids
generation of Cu2+ ions. As shown in Figure 5.3b, the line scan performed right after
disconnecting this applied negative bias did not show a negative change in the AC
current. In the absence of metal ions, the impedance at the modified layer stays
unchanged. In the absence of metal ion chelation, the conducting substrate effect
becomes the predominant factor affecting the AC current. This unconnected conducting
substrate produces a “positive feedback like” effect (a positive change in the AC current)
as the tip passes over the embedded copper wire.
A line scan performed without any prior substrate bias, and a line scan performed
immediately following a voltage pulse (5 s, +150 mV) to the substrate are shown in
Figure 5.3c. Copper ions produced as a result of natural corrosion create a negative
change (larger to smaller negative current) in the AC current signal which can be seen in
the scan without a prior bias period. A positively biased substrate corrodes faster to
release more copper ions to the medium. The AC current generated for the scan following
the positive voltage pulse is smaller than that of the unbiased scan (see Figure 5.3c). This
negative change in the AC current in the presence of chelating metal ions can be
explained as follows.
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Figure 5.3

AC-SECM line scans for a copper wire substrate with a scan rate of 20
µm/s: (a) a scan while the substrate is biased, (b) a scan after substrate is
negatively biased for ten minutes and disconnected prior the line scan, (c)
an unbiased scan followed by a scan with a positively biased pulse to the
substrate.
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The initial capacitance of the modified electrode depends on the level of
modification and the ionic strength of the medium. In addition to these two factors,
protonation of aniline can affect the capacitance. An acidic electrolyte solution adds a
positively charged ion layer as a result of the protonation which increases the doublelayer capacitance (Figure 5.4). Even though all aniline molecules are shown as protonated
in Figure 5.4, only some aniline molecules may be protonated at this pH. These
protonated aniline molecules create an OHP in the electrode double layer. As previously
reported, the surface concentration (

of nitrobenzene on a glassy carbon electrode

modified with diazonium salts is in the range of 0.3-0.6 nmol cm .47 This suggests that
the modified layers on carbon fiber electrodes are loosely packed.48 With aniline (pka =
4.63) molecules loosely packed on the modified electrode surface, protonation of aniline
creates a highly concentrated localized positive charge layer next to the electrode surface.
Transition metal ion-aniline chelation has been reported previously by some research
groups as a metal ion separation method.49 Jacques et al. reported successful Fe(III),
Cr(II), and Cu(II) ion chelation with aniline-grafted silica gel at moderate pH levels (pH
= 2-6).49 Formation of metal hydroxides at higher pH values (pH
to precipitate without adsorbing to the modified layer.
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6) forces metal ions

Figure 5.4

Idealized depiction of an aniline-modified electrode in acidic medium.
Protonation adds an additional layer of charge to the OHP which increases
the electrode double-layer capacitance.

Each Cu2+ ion can coordinate with up to four aniline molecules,12 and idealized
schematic representations of Cu2+ chelation with the aniline-modified layer are shown in
Figure 5.5. Formation of a coordinating bond between aniline and a Cu2+ ion requires
release of a proton. For each Cu2+ that becomes coordinated with one aniline, the
modified layer adds a single net positive charge to the double layer (two positive charges
from Cu2+ ion and a loss of one proton).The coordinated Cu2+ can form a second
chelating bond with another aniline molecule attached to the electrode surface. This
second chelating bond makes the net charge change equal to zero (one Cu2+ attached to
two aniline molecules). Any further chelation of this Cu2+ ion (Cu aniline

with other

protonated aniline molecules makes the modified layer lose its charge by successive loss
of protons. It is also likely that coordination of Cu2+ by aniline will cause the fraction of
remaining anilines in this layer that are protonated to change. This chelation process can
be repeated until one Cu2+ ion forms three (or more) coordinated bonds with aniline. The
net effect cannot be accurately predicted. However, such change will modify the
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electrode properties of this region. This proposed Cu2+-chelated, aniline-modified UME
is shown in Figure 5.5a.
Figure 5.5b shows a water-coordinated Cu2+ ion coordinated with the aniline
modified layer via its water molecules. Chelation of Cu2+ with aniline requires aniline to
be unprotonated. Compared to the initial status of the protonated modified layer, a layer
chelated with metal ions has a lower double-layer capacitance. This type of capacitance
change was observed with divalent copper and nickel ions for a modified layer containing
nitrilotriacetic acid groups.12
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Figure 5.5

Proposed mechanisms for metal ion-chelated aniline molecules in the
modified layer. (a) Direct chelation of Cu2+ with the aniline molecules on
the electrode, (b) Chelation of water-coordinated Cu2+ by water molecules.

The changes proposed above help rationalize the AC current decrease observed in
these experiments. These metal ion-aniline interactions are not fully understood and
further investigations are required to further understand the system.
Detection of different transition metal ions
In these studies, an aniline-modified UME was used to scan several different
metal substrates held at different potential biases. The objectives of using a biased
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substrate were to determine which metals can coordinate with an aniline-modified
electrode and to study the behavior of the unmodified electrodes interacting with these
metal ions. Bias potentials were chosen to generate a series of different metal ion
concentrations, and each potential pulse (five seconds) was followed by an AC-SECM
line scan to detect the metal ions that are emitted to the medium. Applied pulse potential
(

) ranges used for these experiments were between approximately -200 mV and

+250 mV.

measurement versus Ag/AgCl was corrected to SHE (+208 mV) by

calibrating against the SCE, since all these experiments were conducted using standard
reference Ag/AgCl (3 M KCl) electrodes. This corrected electrode potential is
abbreviated as

.

Figure 5.6 shows a collection of AC-SECM line scans for a copper-wire (200 µm
diam) embedded substrate using an aniline-modified 7 µm carbon fiber UME located 50
µm from the substrate. Prior to the first scan, the substrate was biased at -200 mV versus
Ag/AgCl (3 M KCl) for 10 min. All scans shown in Figure 4.6 were performed starting at
d = -350 µm and ending at d = +600 µm. The embedded Cu wire is located from d = -100
µm to d = +100 µm. H2SO4 (0.05 M) was used as the electrolyte and the tip potential and
the scan rate were set at 100 mV and 20 µm/s, respectively. After each 5 s potential pulse
(potentials ranging from 125 mV to 250 mV

), a line scan was performed to

construct the ion concentration profile. In these line scan data, a single decrease in current
around d = 280 μm is observed in the scans acquired at lower potentials. As the pulse
potential increases, a second decrease appears at around d = -120 μm.
Metal corrosion (anodic oxidation) is more likely to occur at edges of the wire as
a result of grain structure differences between the edges and the center.50 Edge corrosion
is a possible explanation for the observed results. The anodic oxidation of copper to
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Cu(II) is a two-step reaction as previously published.51 Oxidation of copper Cu(0) to
Cu(I) is faster than oxidation of Cu(I) to Cu(II). The latter step is accelerated with the aid
of an oxidizing agent such as dissolved oxygen. At the time the pulse is applied, the
substrate generates ions close to the metal wire, but the time taken by the tip to travel
allows ions to diffuse away from the point where ions are generated. In addition to
diffusion, the longer the time taken for the tip to reach to the metal ions, the more Cu(I) is
converted to Cu(II).This phenomenon can be used to explain one key feature in Figure
5.6, the asymmetric AC current decrease at around d = 280 μm and d = -120 μm.
The magnitude of the AC current decreased as the pulse potential increased as is
seen in Figure 5.6. Higher pulse potentials generate more copper ions, and this decreases
the magnitude of AC current produced. The same set of experiments was repeated with
an unmodified 7 µm carbon fiber UME with the same substrate. In addition to the scans
performed with potential pulses, an initial scan was performed while keeping the
substrate unconnected (at open circuit potential). AC-SECM line scan results are shown
in Figure 5.7, and as is seen in Figure 5.7, no AC current decrease is observed. An AC
current increase is observed (from a lower negative value to a higher negative value) as
the tip passes the region where the copper wire is located in addition to the absence of
any AC current decrease. This positive change in the AC current occurs due to the
conductive substrate effect and the metal ions produced in the solution. The conductive
substrate effect is explained in Chapter I.
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Figure 5.6

A set of AC-SECM line scans for an embedded 200 µm copper-wire substrate at different potential biases
(
using an aniline-modified 7 µm UME with a 50 µm tip-substrate distance in 0.05 M H2SO4. Scan rate: 20
µm/s.
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Figure 5.7

A set of AC-SECM line scans for an embedded 200 µm copper-wire substrate at different potential biases
(
using an unmodified 7 µm UME with a 50 µm tip-substrate distance in 0.05 M H2SO4. Scan rate: 20 µm/s.

The production of metal ions increases the solution admittance to increase the AC
current produced at d = 0 μm. Compared to the metal ion chelating effect (decrease in the
AC current), non-chelating effects, such as the conducting substrate effect and any
change in the ionic strength, are opposing. In the absence of a chelating effect, as seen in
Figure 5.7, the AC current change due to the non-chelating effect is about 2 nA (increase
in the negative direction). In the presence of a chelating effect, as is seen in Figure 5.6,
the AC current decrease is about 3 nA (decrease in the negative value). The pure AC
current change as a result of metal ion chelation is 5 nA after subtracting the current due
to the non-chelating effect.
The amount of Cu2+ produced at the substrate is unknown in these systems, but
based on these results, the Cu2+ concentration produced can be estimated. For an
unmodified UME, the AC current change can occur due to three factors: a conductive
substrate, an admittance change, and a double-layer capacitance change. Assuming two
of these factors are unchanged with the production of metal ions, parameters such as free
Cu2+concentration and double-layer capacitance can be estimated (Appendix C). For the
AC current change (3 nA) observed in Figure 5.7, the calculated Cu2+ concentration
produced in this system is 10 μmol dm . The possible maximum capacitance change at
the electrode double layer is 10 fF. Based on these results, even with non-chelating
effects, detection of Cu(II) can be accomplished with an aniline-modified UME. In the
scans performed with aniline-modified UMEs, a 3 nA change in the AC current was
observed as the tip passes the regions where Cu2+ ions are present. As shown by
calculations in Appendix C, the maximum possible concentration of Cu2+ produced at the
electrode is 10 μmol dm .
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Detection of nickel ions was also performed with AC-SECM using an anilinemodified UME. For these line scan experiments, a 150 µm thick nickel plate-embedded
in the substrate (located at d = 0 to d = +150 µm) was used as the Ni(II) source. Figure
4.8 shows a set of AC-SECM line scans for the nickel plate-embedded substrate using an
unmodified 7 µm carbon fiber UME. All scans shown in Figure 4.8 were performed
starting at d = -900 µm and ending at d = +1100 µm. As observed for the copper wireembedded substrate (see Figure 5.7), a typical AC current increase can be seen for the
nickel substrate with an unmodified electrode. Figure 5.9 shows the set of AC-SECM line
scans for the same nickel plate-embedded (located at d = 450 to d = +600 µm) substrate
with different potential biases using an aniline-modified UME. All scans shown in Figure
5.9 were performed starting at d = -360 µm and ending at d = +1120 µm. In these line
scan data, a single decrease in current around d = 0 μm is observed in the scans acquired
at

= 50 mV to 125 mV. As shown in earlier discussion for Cu-embedded substrates,

Ni(II) ion chelation with the aniline-modified electrode explains the AC current decrease.
This AC current decrease around d = 0 started to level off at

= 150 mV. Passivation

of nickel has been reported at potentials between +300 mV to +700 mV (vs. NHE) in the
presence of H2SO4.52 At

= 125 mV (

= 333 mV vs NHE) the nickel plate started

to show partial passivation, and the effect of passivation was observed as the
reached 150 mV (

= 358 mV vs. NHE). Each scan results in more adsorption of Ni2+

onto the modified layer, which will result in an AC current decline (higher negative value
to lower negative value) after each scan.
In addition to the AC current decrease observed around d = 0, a sharp increase in
the AC current is observed around d = 500 μm. This positive change in the AC current
occurs due to the conductive substrate effect.
100
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Figure 5.8

A set of AC-SECM line scans for a substrate embedded with a nickel plate (with the thickness of 150 µm) at different
using an unmodified 7 µm UME with a 50 µm tip-substrate distance in 0.05 M H2SO4. Scan
potential biases
rate: 20 µm/s.
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Figure 5.9

A set of AC-SECM line scans for a substrate embedded with a nickel plate (with the thickness of 150 µm) at different
potential biases
using an aniline-modified 7 µm UME with a 50 µm tip-substrate distance in 0.05 M H2SO4.
Scan rate: 20 µm/s.

Non-chelating metal ions with the modified electrode
A lead wire-embedded substrate was tested with the aniline-modified UME as a
control experiment. An initial line scan performed to locate the Pb electrode (substrate) is
shown in Figure 5.10. The Pb wire-embedded substrate electrode biased at -250 mV
gives a clear, distinct decline in the AC current as expected for a biased conductor. Pb
wire scans were conducted using the same experimental conditions that were used for
copper and nickel AC-SECM scan experiments. All scans shown in Figure 5.11 were
performed starting at d = -500 µm and ending at d = +500 µm. The Pb wire (thickness =
200 µm) is located around d = -100 µm to d = +100 µm.

Figure 5.10

An AC-SECM line scan for a 200 µm Pb-wire embedded substrate biased
at 200 mV using an aniline-modified 7 µm UME with a 50 µm tipsubstrate distance in 0.05 M H2SO4. Scan rate: 20 µm/s.

Figure 5.11 shows the line scan results for a 200 µm Pb-wire embedded substrate
with an aniline-modified UME. As expected, non-chelating Pb2+ ions did not create any
AC current reduction in these AC-SECM line scans.
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Figure 5.11

A set of AC-SECM line scans for a 200 µm Pb-wire embedded substrate at
using an aniline-modified 7 µm UME with
different potential biases
a 50 µm tip-substrate distance in 0.05 M H2SO4. Scan rate: 20 µm/s.

Detection of metal ions by diffusion times
As shown in the previous section, line scan results are cumulative products of
many effects. In the line scan experiments, metal ion detection was performed in the
presence of the conductive substrate effect. This alternative set of experiments was
designed to remove the effect of conductive substrate and to discriminate the effect of
metal ion chelation. Metal ion production and detection were performed separately from
each other. The produced metal ions diffuse across the medium to the electrode. The
calculated diffusion times and the experimental times taken by the metal ions to register a
signal are compared to validate the results.
In a solution, ions diffuse across the medium, and the net movement of ions
depends on the concentration gradient. Displacement of an ion can be defined as follows.
〈 〉
2
(5.1)
Here,

is the diffusion coefficient of the ion, and is the time taken for the

displacement. 〈 〉 is the linear mean squared displacement of the ion. Diffusion
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coefficients for Ni2+ and Cu2+ can be found in literature.53 The time taken by an ion to
displace a given distance can be calculated using equation 5.1. Displacement versus
calculated times for targeted metal ions are given in Table 5.1.
Table 5.1

Calculated diffusion (D) times for metal ions at a given distance.

Ion

D

100 µm

200 µm

300 µm

400 µm

Cu(II)

1.428

7.0 s

28 s

63 s

112 s

Ni(II)

1.322

7.5 s

30 s

67 s

120 s

H+

9.311

5.3 s

21 s

47 s

84 s

Both Cu2+ and Ni2+ ions have roughly equal diffusion coefficients. The diffusion
coefficient of H+ is larger than those of two metal ions. A metal wire-embedded substrate
can produce concentration waves of metal ions after each potential pulse, and the
modified electrode placed nearby can detect the metal ions. The time taken by metal ions
to reach the electrode was measured, and this delay between the potential pulse and the
AC current pulse must be comparable with the calculated times given in Table 5.1. The
experimental setup for this diffusion time-based detection method is given in Figure 5.12.

Figure 5.12

Experimental setup for the metal ion diffusion time detection, where
the distance between the electrode and the substrate.
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is

The tip AC current versus time plot for an aniline-modified electrode placed 400
µm ( ) away from the nickel wire substrate is shown in Figure 5.13. At the beginning of
the data collection, the substrate was biased, and this step can be seen in the AC current
versus time graph as a large current transient (negative change). Two pulse potentials
were selected, a -25 mV pulse as the initial run and a +75 mV pulse to produce a Ni2+ ion
wave. Figure 5.13a shows the AC current change with a pulse of -25 mV. A graph of the
AC current change with a pulse of +75 mV is shown in Figure 5.13b. In this graph, a
distinct decrease in AC current is observed at 110 s (100 s after the +75 mV pulse). This
decrease is reversed at about 200 s to give a broad wave feature in the trace. These
changes in the AC current are shown with arrows. The time taken to observe this distinct
waveform in the AC current-time graph matches the calculated diffusion time of Ni2+
(Table 5.1).
A similar experiment was performed with a copper wire (150 µm diam) substrate
and an aniline-modified UME. The tip and the substrate are separated ( ) by 300 µm, and
a -50 mV pulse potential was used for the non-oxidative control run and a +50 mV pulse
to generate Cu2+ ions. Figure 5.14a shows the control run with a 5 s pulse where no
distinct decrease in current is observed in the AC current-time graph. In contrast, the AC
current shows a faint but distinct waveform from about 60 to 200 s with the +50 mV 5 s
pulse. This experimental diffusion time matches the calculated time given in table 5.2 for
a 300 µm diffusion time. The features in Figures 5.13b and 5.14b are a good match to the
metal ions but do not match with diffusion of protons and thus are further evidence of the
sensitivity of the modified electrodes to metal ion chelation.
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Figure 5.13

AC current change with the time graph for a nickel wire substrate using an
aniline-modified UME in 0.05 M H2SO4. The distance between the tip and
the substrate was 400 µm ( ), and pulse potentials were -25 mV for (a) and
+75 mV for (b).
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Figure 5.14

AC current change with the time graph for a substrate embedded with a
copper wire using an aniline-modified UME in 0.05 M H2SO4. The
distance between the tip and the substrate was 400 µm ( ), and pulse
potentials were -50 mV for (a) and +50 mV for (b).

AC-SECM mapping of localized metal ions
A micro-capillary (150 µm) embedded substrate was used to generate localized
metal ions for AC-SECM mapping. The metal ion solution was pumped through the
capillary and scanning was performed using an aniline-modified UME. A series of
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different 10 µmol dm-3 metal ion solutions were pumped with the rate of 10 µL/s. Cu2+
and Ni2+ ions were used as the possible chelating metal ion species to test the imaging
ability of the modified electrode. A non-chelating Ca2+ ion solution was used for the
control imaging scan. A solution of H2SO4 (pH = 2) was used as the electrolyte in every
scan, and metal ion solutions were buffered using the same H2SO4 strength. The initial
scan was performed 10 µm away from the surface ( 1 without pumping the metal ions
to locate the micro-capillary opening. A second scan of the same area was followed after
moving the tip further way from the surface ( 2 is the tip-substrate distance for the actual
scan) with metal ion pumping. These two steps were repeated with all four metal ions at
various 2 distances. The actual scanning distance 2 was set at 20 µm, 50 µm and 80
µm to eliminate feedback effect from the substrate. Both 50 µm and 80 µm scans were
totally free from substrate feedback effects. All experiments were conducted with 400
kHz and 80 mVpp AC and 0.0 V tip DC potentials.

Figure 5.15

Experimental setup for the capillary opening substrate: (a) scanning 10 µm
= 1 from the surface without metal ions pumping. (b) Scanning with
metal ions pumping, where 2 is the tip-substrate distance.
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Figure 5.16a shows a typical AC-SECM scan for a micro-capillary substrate with
no metal ion pumping using an aniline-modified UME with the scan rate of 20 µm/s. The
tip-substrate distance was kept at 20 µm to monitor the feedback effect on the AC current
in the absence of metal ions. The feedback effect for the micro-capillary substrate with
the 4-NBD-modified electrode was tested by following the same experimental procedure
and the resulting image is shown in Figure 5.16b. In both scans, one key feature can be
noticed. The hollow region in the capillary produced an AC current with a higher
magnitude compared to the surrounding surface. An explanation for the higher tip current
is that the opening of the capillary acts to produce a higher effective distance between the
tip and the substrate, increasing the tip current.
However, with chelating metal ions such as Cu2+ and Ni2+, the region at the
capillary opening produces a lower magnitude AC current compared to the surrounding
surface. This is opposite to the resultant AC current in the control scan. Figures 5.17a and
5.17b show two scans with an aniline-modified electrode over the capillary opening
while Cu(II) is pumping at a tip-substrate distances of 80 µm and 50 µm, respectively. At
both distances, the effect from the metal ions can be clearly seen; chelating with the
modified layer gives rise to a lower magnitude AC current around the capillary opening.
Figure 5.17a shows the scan with an 80 µm tip-substrate distance and the magnitude of
AC current change is smaller compared to the scan at the 50 µm tip-substrate distance.
This change can be understood via the metal ion concentration profile around the
capillary opening. The metal ion concentration is reduced farther from the surface.
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Figure 5.16

AC-SECM continuous scan images for a substrate with a capillary opening.
Scanning at a tip-substrate distance of 20 µm, in H2SO4 (pH = 2), with a tip
potential of 0 V: (a) using an aniline-modified UME (7 µm carbon fiber),
(b) using a 4-NBD-modified UME (7 µm carbon fiber).
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Figure 5.17

AC-SECM continuous scan images for an aniline-modified UME (7 µm
carbon fiber) with 10 µM Cu2+ adjusted to pH = 2 (H2SO4), pumping speed
of 10 µL/s: (a) 80 µm tip-substrate and (b) 50 µm tip-substrate distance.

A similar experiment was repeated with Ni2+ at an 80 µm tip-substrate distance,
and the resultant image is shown in Figure 5.18a. The location of the capillary opening is
shown next to the scanned image to identify the metal ion effect. Figure 5.18b shows the
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initial surface scan for the same modified electrode with no Ni2+ pumping at a 20 µm tipsubstrate distance. Both Cu2+ and Ni2+ showed the expected behavior with the anilinemodified UME as a result of the chelating effect.
Ca2+, a non-transition metal ion, was tested as a control with an aniline-modified
UME. Non-chelating Ca2+ ions showed no evidence of tip current change at an 80 µm tipsubstrate distance. Figure 5.19a shows the initial scan at a 20 µm tip-substrate distance
with no Ca2+ pumping. As observed earlier, with no Ca2+ and at a 20 µm tip-substrate
separation, an aniline-modified UME produced an image that shows the capillary opening
as a region with a higher AC current (higher negative value). Figure 5.19b shows the ACSECM scan of the same surface at an 80 µm tip-substrate distance with Ca2+ pumping. In
this scan, no negative change in the AC current was observed. Non-transition metal ions
failed to produce any chelating effects with aniline in contrast to copper and nickel. This
non-chelating behavior explains the negative results observed for Ca2+ with a modified
UME in AC-SECM.
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Figure 5.18

AC-SECM continuous scanning images for a capillary opening-embedded
substrate using an aniline-modified UME (7 µm carbon fiber) with a tip
potential of 0 V, scan rate: 20 µm/s, in H2SO4 (pH = 2): (a) 80 µm tipsubstrate distance with Ni2+ 10 µM, 10 µL/min pumping speed, (b) without
Ni2+ pumping and 20 µm tip-substrate distance.
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Figure 5.19

AC-SECM continuous scanning images for a capillary opening-embedded
substrate with an aniline-modified UME (7 µm carbon fiber) with a tip
potential of 0 V, scan rate: 20 µm/s, in H2SO4 (pH = 2): (a) 20 µm tipsubstrate distance without Ca2+ pumping, (b) 80 µm tip-substrate distance
with 10 µM Ca2+ pumping at a speed of 10 µL/s.

Nitrobenzene is a weak electron pair donor, and in contrast to aniline-modified
electrodes, nitrobenzene-modified electrodes did not show an AC current change with
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transition metal ions. A substrate with Cu2+ was scanned using a 4-NBD-modified UME
under the same experimental conditions that were used for the aniline-modified electrode
with Cu2+ ions. Both 80 µm and 50 µm tip-substrate scan distances did not show any
change in the AC current and this confirms the chelating ability of aniline with Cu2+ ions
(see Figure 5.20).
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Figure 5.20

AC-SECM continuous scanning images for a substrate with a capillary
opening embedded using a 4-NBD-modified UME (7 µm carbon fiber)
with 10 µM Cu2+ buffered at pH = 2 (H2SO4), pumping speed of 10 µL/s:
(a) 80 µm tip-substrate and (b) 50 µm tip-substrate distance.
Conclusions

AC-SECM coupled with a modified UME is capable of imaging and detecting
some transition metal ions. At low pH, a UME modified with aniline is capable of
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imaging transition metal ions such as Cu2+ and Ni2+, but non-transition metal ions Pb2+
and Ca2+ are not imaged.
A decrease in the AC current response is observed in the line scans performed
using aniline-modified UMEs with Cu and Ni substrates. In these scans, a short potential
pulse given just before the scan produced enough metal ions to register an AC current
decrease. The magnitude of the AC current decrease increased with pulse potential. No
current decrease is observed for a Pb-wire embedded substrate. This confirms the ability
of aniline-modified UMEs to detect some transition metal ions. The estimated level of
detection based on these results is in the limit of 10 µmol dm-3.
Detection of metal ions based on diffusion times was performed to eliminate the
non-chelating effects that were observed in line scan results. The time observed to
register an AC current decrease matched the calculated diffusion times for both Ni(II)
and Cu(II) ions.
A substrate embedded with a microcapillary was scanned while pumping a
solution of either Cu(II) or Ni(II) ions using both aniline- and nitrobenzene-modified
UMEs. Aniline-modified UMEs successfully mapped both Ni(II) and Cu(II) ions. As
observed in the line scan results, nitrobenzene failed to detect these transition metal ions.
The previously estimated levels of detection were confirmed in these experiments. Ca(II)
ions failed to produce a noticeable change at the modified electrode.
Adsorption of metal ions to the modified layer changes the double-layer
capacitance. At pH

2, an aniline-modified UME is capable of detecting both Cu(II)

and Ni(II) ions with a detection level of 10 µmol dm-3. Metal ion adsorption to aniline is
not fully reversible; a permanent reduction in the double-layer capacitance is seen upon
exposure of the aniline-modified UME to transition metal ions.
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CHAPTER VI
CONCLUSIONS AND OUTLOOK
Conclusions
The main objectives of this dissertation are to develop techniques to map ROS
and to expand non-amperometric AC-SECM as a surface scanning method. A modified
UME coupled with AC-SECM was used to develop these detecting and imaging
experiments. First, modified UMEs were used as a sacrificial electrode to detect ROS.
Continuous AC-SECM scanning methods were attempted using modified UMEs to map
ROS. These trials failed to produce satisfying results. The ES AC-SECM approach was
introduced to improve the sensitivity of radical mapping. In the second part of this
dissertation, a modified UME was used in a non-sacrificial way with AC-SECM to detect
some transition metal ions.
This mode of detection using AC-SECM is a novel technique. All previous ACSECM studies are based on solution admittance change. The technique explained in this
dissertation is based on double-layer impedance. The AC current change as a result of
double-layer impedance change is used to detect and map chemical species with ACSECM.
Modification of 7 µm carbon fiber UMEs was accomplished successfully with 4NBD. These 4-nitrobenzene molecules attached to the UME were electrochemically
converted to aniline. Aniline and 4-nitrobenzene modified UMEs showed significantly
higher operational stability compared to other types of modified UMEs that were tested.
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Since these AC-SECM mapping techniques are based on the tip impedance, the
operational stability of the modified electrode is critical for the accuracy of the method.
ROS, mainly hydroxyl and superoxide radicals, were used as the target analyte to
test the ES AC-SECM mapping technique. Modified UMEs were exposed to a Fenton’s
solution, and the AC current produced at the tip was recorded. Radicals caused
irreversible damage to the modified layer, and this change caused the electrode tip
impedance to decrease. With the enhanced sensitivity of ES AC-SECM, detection of
ROS was successfully accomplished. Both nitrobenzene- and aniline-modified UMEs
were tested with non-radical chemical species such as Fe(II), Fe(III), and H2O2. In these
tests, nitrobenzene showed a slow irreversible reaction with Fe(II), and this change was
not fully understood. Aniline showed a partially irreversible adsorption reaction with
Fe(II) and Fe(III). Based on these non-radical media exposure results, aniline was
selected as the ideal modifier to detect ROS.
The reversible interaction observed for aniline-modified UMEs with iron ions was
used to develop a mapping technique for transition metal ions. Substrates embedded with
transition metal wires, such as nickel and copper, were used as metal ion sources to test
this hypothesis. A large negative feedback-like effect was observed for biased substrates.
Hence, pulses with different biases were used prior to the line scans to produce a range of
metal ion concentrations. Based on these results, an estimated level of detection for Cu2+
was calculated. Both copper and nickel ions showed chelating interactions with anilinemodified UMEs. Additionally, aniline-modified UMEs were tested with non-transition
metal ions, and no chelating type interactions were observed.
A second set of tests based on metal ion diffusion time was performed to confirm
this ability to detect transition metal ions. In these tests, the time taken by each metal ion
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to register a reading was measured. The diffusion time for each type of metal ion to
diffuse to the electrode was compared with calculated diffusion time. These results
confirm the conclusions made based on line-scan results. Due to a large negative
feedback-like effect, all attempts made to scan biased metal wire-embedded substrates
were unsuccessful. Substrates embedded with microcapillaries were scanned while the
metal ion solution pumping through the embedded capillary. These AC-SECM scans with
aniline-modified UMEs showed a chelation effect with Ni2+ and Cu2+ (10 µM) solutions.
Unlike the transition metals, Ca2+ failed to produce a change to the aniline-modified layer
on the UME. Based on all these results, we believe that AC-SECM can be used to
effectively detect some transition metal ions using a modified UME.
Both ROS and transition metal ion mapping results show the capability of ACSECM to detect some chemical species. We believe that this novel AC-SECM technique
has the potential to detect biological and non-biological reactive species.
Future studies
One major disadvantage in this proposed technique is the time taken to collect a
single data set. This can be overcome by reducing the number of data points in the single
data set required to create a statistically significant slope in the AC current vs. time
graph. One way of doing this is by developing a lower-noise system. In addition to this
change, building an automated data collecting system can also speed up the detection.
Optimizing the conditions such as pH, tip potential, and use of a proper modifier
can generate larger impedance changes at the modified tip. These adjustments can
increase the sensitivity of radical mapping. Using this method to map reactive species in
a real system will probably be the next step of these studies. Improving the selectivity of
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chelating modifiers on the UME towards target metal ions is an important goal. Mapping
and tracking of metal ion movement in biological systems are other possible paths in
developing these AC-SECM metal ion mapping techniques.
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APPENDIX A
FENTON’S REACTION
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Catalytic decomposition of peroxides using heterogeneous catalysis is a
frequently used technique to produce hydroxyl radicals in many fields54 after it was first
introduced by Fenton in 1894.34 Many metal ions have been used as catalysts for
Fenton’s reaction, but our studies used Fe(II) ions as the catalyst. The reaction pathway55
and kinetic data56 for the decomposition of H2O2 in the presence of Fe(II) is well known
and can be found in many published articles.57
The reaction between Fe(II) and H2O2 can be described using the Harber-Welss
mechanism that was published in 1934.58 The reaction between Fe(II) and H2O2 is a
chain reaction, and hydroxyl radicals and other ROS form as an intermediate. This
reaction can be shown as follows:
Fe(H2O)62+ + H2O2 + H+ ⇌ Fe(H2O)63+ + •OH + H2O
As shown in more recently published articles, the Harber-Wells model failed to
show the effect of Fe(III) on the Fenton’s reaction mechanism. The accepted reaction
between Fe(II) and peroxide can be written as follows:59
Fe2+ + H2O2 + H+ ⇌ Fe3+ + •OH + H2O
Fe2+ + •OH ⇌ Fe3+ + OH¯
•

OH + H2O2⇌ H2O + HO2•

HO2• + Fe2+ ⇌ Fe3+ + HO2¯
O2¯ + Fe3+ ⇌ Fe2+ + O2
Reaction mechanisms with other forms of iron media, such as iron oxides on a
surface60 and iron complexes, can also be found.60, 61
Photolytic decomposition of peroxides can produce hydroxyl radicals. In our
experiments, all Fenton’s reaction-based AC-SECM scans were performed under dark to
minimize photodecomposition of peroxides.
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H2O2

2•OH

A dual syringe pump (see chapter III) was used to pump Fe(II) and H2O2 solutions
onto the surface. These two solutions were mixed using a “T” connector. The tube length
from substrate to the “T” connector was used to control the solution mixing time. In all
ROS-based experiments, total mixing time was set at 30 s. Both solutions were buffered
using H2SO4, and the pumping rate was set at 10 µL/s. The second source of Fe(II) was
an iron alloy wire mesh embedded in the substrate.
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APPENDIX B
DETERMINATION OF AC-SECM GAIN
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A typical high-pass series RC filter circuit is shown in figure B.1. This resembles
the electrode double-layer capacitance and the solution resistance for a UME. Vin and Vout
are the input and output AC voltages, respectively.

Figure B.1

A high-pass series RC filter

Vout for a high-pass RC filter can be defined as follows, where R and C are the
resistance and the capacitance of the system, and

is the frequency of the AC current.62
(B.1)

⁄

Gain can be defined as the ratio between Vout and Vin (voltage gain) or Iout and Iin
(current gain) as given below. Gain is a unitless function, and equation B.1 can be
rearranged as follows to calculate voltage gain for a high-pass RC filter.
(B.2)

⁄

Gain can be expressed as transresistance
and

and transconductance

. Both

can be expressed as follows:
∆

(B.3)

∆
∆

(B.4)

∆

Transconductance

for a high-pass filter can be calculated using equation B.5.

The frequency ( ) of the sinusoidal current was set at 365 kHz for all ROS
detection experiments, and system (potentiostat) gain was set at 1 nA/V (1×10-9 A/V).
(B.5)
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A set of resistors (1 kΩ, 10 kΩ, 100 kΩ, and 1 MΩ) and capacitors (5 pF and 10
pF) were used to set up RC filter circuits. Vin and Vout for these circuits were measured at
various Vpp (5 mVpp to 150 mVpp).
Experimental results are shown in Figures B.2a and B.2b. The average gain for
the AC SECM at 365 kHz was calculated. The average gain (R = 1 kΩ, 10 kΩ and 100
kΩ, C = 5 pF ) is 3.17 × 10-7 A V
the average gain is 2.96 × 10-7 A V

and considering the entire series of R and C values,
.

132

Figure B.2

Result of the AC-SECM gain calculation test: (a) experimental Vout values
with respect to Vin, (b) Calculated gain (A/V) with respect to Vin.
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APPENDIX C
CALCULATION OF Cu(II) CONCENTRATION AND CAPACITANCE
CHANGE AT THE ELECTRODE TIP
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Calculation of Cu2+ concentration change at the tip
In AC-SECM, alternating current generated at the tip can be calculated using the
. The AC current change ∆

and the system impedance

applied

SECM can be correlated to the impedance change (∆

∆

in AC-

as shown in equation C.1.
(C.1)

∆

The observed AC current change for Figure 5.6 (see chapter V) is 2 nA. As was
explained in chapter V, this AC current change occurred as a result of solution resistance
or electrode double-layer capacitance change. The impedance of this system depends on
these two parameters. The two parameters can be calculated if the impedance change is
known. The corresponding impedance change for a change of 2 nA can be calculated
using equation C.1.
2

10 A
∆

28.2
∆

10

V

∆

28.2 10 V
2 10 A

1.41

10 Ω

System impedance is defined in the equation 1.10 (see chapter I). Assuming no
capacitance change in the double layer, the total impedance change can be expressed
using the solution resistance change
| |

1.41

.

1⁄2

∆

∆

10 Ω

∆

The solution resistance between the working tip and auxiliary electrodes can be
defined as shown in equation C.2 using conductivity
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, path length

, and tip electrode

surface area (A). The effective path length for these calculations is set as four radii37 of
the UME, which is 14 µm in this case.
(C.2)
The corresponding change in

for the calculated

can be determined using

equation C.3. Since the metal ion concentrations produced in these systems are minute,
the limiting molar conductivity of Cu2+, 1.072
instead of molar conductivity

°

10 S m mol

63

, can be used

. As shown in equation C3, conductivity can be

expressed using Cu2+ ion concentration

and

.
(C.3)

The concentration of Cu2+ generated in the system can be calculated by
combining equations C.2 and C.3.

1.41
7.2

10 Ω
10

14 10 m
1.072 10 S m mol

3.5

10

m

mol dm

Calculation of capacitance change at the UME
In the previous section, for calculation purposes, it was assumed that the electrode
double-layer capacitance does not change with the metal ion concentration. In an actual
situation, this is inaccurate. Assuming

is unchanged with metal ion concentration, the

double-layer capacitance can be calculated. Capacitance is the second parameter that
affects the solution impedance, as shown in equation 1.10 in chapter I. The calculated
impedance change can be correlated with the double-layer capacitance change as shown
in equation C.4.
| |

1⁄2
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∆
∆

1⁄ 2

∆

1⁄ 2

∆

The frequency
1.41

10 Ω

1⁄ 2
3.94

(C.4)

was set at 400 kHz for these experiments.
∆
10

F

Based on these estimations, the double-layer capacitance change with metal ion chelation
to the modified UME can be calculated. We believe that this calculation can be extended
to estimate the capacitance change associated with the double-layer interface charge
change for modified UMEs.
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